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Preface 


High  performance  aircraft  capable  of  sustaining  9  G  have  been  operational  in  NATO  countries  for  two  decades.  Future  fighter 
aircraft  may  be  capable  of  12  G.  Since  World  War  1,  “high  performance”  aircraft  have  developed  levels  of  G  that  were  above 
human  tolerance  limits  of  consciousness.  However,  other  acute  physiologic/anatomic  limitations  have  never  been  identified  even 
though  levels  of  G  that  can  be  sustained  by  aircraft  have  tripled.  But  we  know  less  about  health  problems  that  can  develop  from 
repeated  high-G  exposure  over  the  “life-time”  of  fighter  pilots.  Aircraft  capable  of  sustaining  7  G  have  been  operational  for  over 
three  decades  without  evidence  of  any  chronic  health  problems.  Yet  the  2  G  increase  above  7  G  to  9  G  is  substantial  and  since 
the  human  body  is  designed  to  function  only  at  sustained  1  G  (Earth’s  gravity),  some  chronic  physiologic/anatomic  limitations 
can  be  expected  as  higher  G  levels  are  obtained.  The  spine  and  vestibular  systems  are  likely  candidates  to  be  the  limiting 
structures  since  they  are  directly  loaded  by  increased  G.  Medical  concerns  were  expressed  during  the  AGARD  Conference  of 
24th-28th  April  1989  (AGARD-CP-471)  entitled  “Neck  Injury  in  Advanced  Military  Aircraft  Environments”.  AGARD/AMP 
Working  Group  17  (WG  17)  entitled  “The  Musculoskeletal  and  Vestibular  Effects  of  Long  Term  Repeated  Exposure  to 
Sustained  High-G”  was  formed  in  response  to  those  medical  concerns. 

The  membership  of  WG  17  was  Wg  Cdr  D.J.  Anton,  Great  Britain,  Chairperson;  Professor  Dr  W.J.  Oosterveld  The  Netherlands, 
Vice  Chairperson;  Medecin  en  Chef  J.  Flageat,  France;  Dr  A.  Leger,  France;  and  Dr  R.R.  Burton,  United  States.  The  first  official 
meeting  of  WG  17  was  May  1991  in  Pensacola,  Florida,  United  States.  Subsequent  WG  17  meetings  were  held  at  Famborough, 
RAF/I  AM,  United  Kingdom,  September  1991;  Cesme,  Turkey,  April  1992;  and  Oslo,  Norway,  October  1992.  Ad  Hoc  meetings 
of  WG  17  were  held  in  Victoria,  British  Columbia,  Canada,  May  1993  and  Lisbon,  Portugal,  October  1993. 

The  WG  at  the  Famborough  meeting  decided  to  write  an  aeromedical  review  (AR  317)  on  the  WG  title,  but  little  progress  was 
made  during  the  regular  meetings  because  of  organizational  problems.  With  the  resignation  of  our  chairperson  late  in  1992,  the 
WG  requested  and  was  given  an  unofficial  extension  for  completion  of  AR  317  by  the  end  of  1993.  Professor  Oosterveld 
assumed  the  duties  of  chairperson  at  the  Victoria  ad  hoc  meeting  of  WG  17.  Dr  Burton,  with  the  expert  assistance  of  Ms  Rose 
Reyes,  agreed  to  supervise  the  final  compilation,  word  processing,  and  editing  of  AR  317.  Also  at  that  time,  expertise  critical  for 
the  spine  sections  was  incoiporated  into  AR  317  with  major  contributions  by  Mr  John  Firth  and  Sqn  Ldr  Ian  McKenzie  of  Great 
Britain. 

Additional  acknowledgements  in  the  preparation  of  AR  317  include: 

Major  A.  Bell,  US 

Dr  J.W.  Bums,  US 

Dr  P.V.  Celio,  US 

Lt  Col.  H.  Cuervo,  US 

Mrs  C.M.  de  Jong-Vis,  The  Netherlands 

Dr  K.K.  Gillingham,  US 

Col.  J.R.  Hickman,  US 

Lt  Col.  G.W.  Mitchell,  US 

Col.  G.  Tolan,  US 

Dr  V.M.  Voge-Black,  US. 
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Preface 


Les  aeronefs  a  hautes  performances  capables  de  soutenir  9  G  sont  operationnels  dans  les  pays  de  I’OTAN  depuis  vingt  ans.  Les 
futurs  avions  de  combat  pourraient  atteindre  12  G.  Depuis  la  premiere  guerre  mondiale,  les  aeronefs  a  “hautes  performances”  ont 
continue  a  autoriser  des  facteurs  de  charge  bien  superieurs  aux  seuils  de  tolerance  de  la  conscience  humaine. 

Cependant,  aucune  autre  limitation  physiologique  ou  anatomique  majeure  n’a  jamais  ete  identifiee,  bien  que  les  facteurs  de 
charge  supportables  par  les  aeronefs  aient  triples.  Nous  ignorons  encore  les  problemes  de  sante  susceptibles  de  se  declarer  suite  a 
I’exposition  repetee  aux  facteurs  de  charge  eleves  durant  toute  la  caniere  d’un  pilote  de  chasse. 

Des  avions  capables  de  soutenir  7  G  sont  operationnels  depuis  trois  decennies  et  rien  n’indique  qu’ils  sont  a  I’origine  de 
problemes  de  sante  chroniques.  Neanmoins,  I’augmentation  de  2  G,  de  7  G  a  9  G  est  appreciable  et  puisque  le  coips  humain  n’est 
fait  pour  fonctionner  qu’a  1  G  soutenu  (gravite  de  la  terre),  il  faudrait  s’attendre  a  des  limitations  physiologiques/anatomiques 
chroniques  au  fur  et  a  mesure  de  la  montee  en  G.  Les  systemes  vertebraux  et  vestibulaires  sont  des  candidats  potentiels  en  tant 
que  structures  limitatives,  puisqu’ils  re9oivent  directement  des  charges  crees  par  la  montee  en  G.  Des  preoccupations  d’ordre 
medical  ont  ete  exprimees  en  1989  lors  de  la  conference  AGARD  sur  “Les  Lesions  du  Cou  dans  les  Aeronefs  Militaires 
Avances”  (a  Munich  du  24  au  28  avril  1989  -  AGARD-CP-471).  Le  groupe  de  travail  AGARD/ AMP  No  17  sur  “les  Effets 
Musculosquelettiques  et  Vestibulaires  de  I’Exposition  Repetee  et  Prolongee  aux  Facteurs  de  Charge  Eleves  Soutenus”  a  ete  cree 
pour  repondre  a  ces  preoccupations. 

Les  membres  du  WG  17  furent  le  Wing  Commander  D.J.  Anton,  Grande  Bretagne,  President;  le  Professeur  Dr  W.J.  Oosterveld, 
Pays-Bas,  Vice  President;  le  Medecin  en  Chef  J.  Flageat,  France;  le  Dr  A.  Leger,  France;  et  le  Docteur  R.  R.  Burton,  Etats-Unis. 
La  premiere  reunion  officielle  du  groupe  a  eu  lieu  en  mai  1991  a  Pensacola,  FI.,  Etats-Unis.  Par  la  suite,  le  WG  17  s’est  reuni  a 
Famborough,  RAF/IAM,  en  Angleterre  au  mois  de  septembre  1991,  a  Cesme,  en  Turquie,  au  mois  d’avril  1992,  et  a  Oslo,  en 
Norvege,  au  mois  d’octobre  1992.  Des  reunions  ad  hoc  du  WG  17  ont  ete  tenues  a  Victoria,  B.C.,  Canada,  au  mois  de  mai  1993 
et  a  Lisbonne,  Portugal,  au  mois  d’octobre  1993.  Lors  de  la  reunion  de  Famborough,  le  groupe  de  travail  a  decide  de  rediger  une 
etude  aeromedicale  sur  le  sujet  (AR  317),  mais  tres  peu  de  progres  ont  ete  enregistr6s  au  cours  des  differentes  reunions  en  raison 
de  problemes  d’ organisation.  Suite  a  la  demission  du  president  du  WG  vers  la  fm  de  1992,  le  groupe  a  demande,  et  il  lui  a  ete 
tacitement  accorde  un  delai  supplementaire,  en  prevision  de  Fachevement  de  FAR  317  avant  la  fin  de  Fannee  1993.  Le 
Professeur  Oosterveld  a  assume  les  responsabilites  de  president  lors  de  la  reunion  ad  hoc  de  Victoria.  Le  Dr  Burton,  avec  le 
concours  expert  de  Mme  Rose  Reyes,  s’est  charge  de  la  supervision,  de  la  mise  en  forme,  de  la  saisie  et  de  Fedition  de  FAR  317. 
Parallelement  a  ces  activites,  des  contributions  expertes  ont  pu  etre  integrees  aux  chapitres  concemant  la  colonne  vertebrale, 
grace  aux  prestations  de  Mr  John  Firth  et  de  Squadron  Leader  Ian  McKenzie  de  Grande  Bretagne. 

Nous  tenons  a  remercier  egalement  les  personnes  suivantes  pour  Faide  qu’elles  ont  bien  voulu  foumir  lors  de  la  redaction  de 
FAR  317: 

Major  A.  Bell,  Etats-Unis 
Dr  J.W.  Bums,  Etats-Unis 
Dr  P.V.  Celio,  Etats-Unis 
Lt  Col.  H.  Cuervo,  Etats-Unis 
Mrs  C.M.  de  Jong-Vis,  Les  Pays-Bays 
Dr  K.K.  Gillingham,  Etats-Unis 
Col.  J.R.  Hickman,  Etats-Unis 
Lt  Col.  G.W.  Mitchell,  Etats-Unis 
Col.  G.  Tolan,  Etats-Unis 
Dr  V.M.  Voge-Black,  Etats-Unis. 
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CHAPTER  1 
INTRODUCTION 

1.1  BACKGROUND 

Medical  concerns  of  mechanical  loading  of  biologi* 
cal  systems  during  repeated  sustained  acceleration 
exposure  of  high  performance  aircraft  were  ex* 
pressed  during  an  AGARD  Conference,  24-28  April 
1989  (4)  entitled  "Neck  Injury  in  Advanced  Mili¬ 
tary  Aircraft  Environments".  Biological  systems 
of  primary  concern  were  direct  effects  on  the 
spine  causing  neurologic  injury  and  on  the  oto¬ 
liths  of  the  vestibular  system  causing  disorienta¬ 
tion  related  pathologies.  However,  besides  these 
direct  effects,  secondary  vestibular  effects  can 
occur  from  cervical  pathologies  (136).  The  tech¬ 
nical  evaluation  and  overview  of  that  conference 
concluded  that  "large  gaps"  exist  in  our  clinical 
and  biomechanical  knowledge  of  the  problems  of 
neck  injury  in  high  performance  aircraft.  Further 
studies  on  the  epidemiology  of  acute  and  chronic 
neck  injury  resulting  from  in-flight  G  were  recom¬ 
mended  (13,  14). 

This  Advisory  Report  (AR)  also  addresses  those 
concerns  with  a  definition  of  the  physical  dimen¬ 
sions  of  the  environment  produced  by  operational 
high  performance  aircraft  relating  those  to  the 
potential  medical  effects  of  that  environment  on 
those  biological  systems  of  interest,  a  review  of 
the  relevant  literature,  an  identification  of  the 
biological  risks,  and  recommendations  of  a  specif¬ 
ic  course  of  action  as  required  to  alleviate  those 
concerns  identified  in  this  AR. 

TABLE  1-1:  MEAN  AND  MAXIMUM  VALUES 
AIRCRAFT  FOR  SPECIFIED  NUMBERS 


1.2  THE  PHYSICAL  ENVIRONMENT  OF  AERIAL  COMBAT 
MANEUVERS: 

Since  1973,  high  performance  aircraft  (i.e.,  F-15) 
capable  of  sustained  accelerations  that  produce 
inertial  forces  routinely  of  +9  Gz  have  been 
operational  in  the  United  States  Air  Force  (USAF). 
Since  that  time,  many  NATO  nations  and  the  United 
States  Navy  have  put  into  operations  these  high  G 
aircraft  (i.e.,  F-15,  F-16,  F-18)  as  have  the 
Former  Soviet  Union  (e.g.  MIG-29).  This  G  capa¬ 
bility  is  an  increase  of  2G  over  previous  high 
performance  aircraft  such  as  the  F-4  that  had  been 
in  the  USAF  inventory  for  15  years.  Understand¬ 
ably,  the  medical  history  of  F-4  like  pilots  may 
not  be  strictly  relevant  to  aircrew  of  these  9G 
aircraft. 

High  performance  aircraft  are  designed  by  defini¬ 
tion  to  be  highly  maneuverable  creating  an  aerial 
combat  maneuver  (ACM)  environment  that  has  both 
high  and  low  G  with  rapid  changes  in  these  differ¬ 
ent  G  levels.  In  addition,  there  is  occasionally 
some  -Gz  component  in  the  ACM.  Although  every  ACM 
is  different,  depending  on  the  type  of  aircraft, 
skill  of  the  pilot,  and  those  of  the  adversary, 
the  ACM  environment  has  been  described  previously 
by  Gillingham  et  al  (66).  Mean  and  maximum  values 
are  summarized  in  Table  1.  These  ACM  descriptions 
identify  the  physical  loading  on  the  body  as  well 
as  the  rate  of  change  of  these  loads. 

1)  Unless  otherwise  noted,  all  references  to  G 
are  inertial  forces  directed  footward  along 
the  body's  longitudinal  axis;  i.e.,  produced 
by  positive  headward  accelerations. 
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In  suimtary  then  the  ACM  has  peak  loads  of  9G  that 
can  recur  frequently,  with  varying  G  for  several 
minutes,  multiple  G  onset  per  second,  with  an 
average  integrated  time  x  G  of  1000  G  sec  for  a  3 
minute  ACM.  This  ACM  can  be  repeated  several 
times  every  day,  several  days  per  week  per  month 
per  year.  Over  the  "life  time"  of  a  fighter  pilot 
whose  career  flying  high  performance  aircraft  may 
span  20  years,  it  is  possible  that  they  will  each 
be  exposed  to  18,720,000  G  x  sec  that  represents  a 
total  period  of  time  of  36  days  exposed  to  an 
average  of  6G  --  a  G  level  that  requires  the  use 
of  an  AGSM. 

1.3  PHYSICAL  EFFECTS  OF  G  LOADING: 

The  ACM  environment  provides  sustained  increased  G 
that  spans  periods  of  time  of  sufficient  length 
that  size  and  scale  effects  are  a  consideration  in 
helping  define  the  hazards  of  G  loading  on  these 
biological  systems.  These  effects  as  they  relate 
to  chronic  acceleration  were  first  described  by 
Smith  (179).  Relating  scale  factors  to  physical 
properties  of  systems  (in  our  case,  biological 
systems)  is  the  basis  for  the  "principle  of  simil¬ 
itude".  Similitude  as  it  relates  to  strength  and 
loading  is  particularly  important  considering  the 
effects  of  increased  G  (loading)  on  the  strength 
of  the  spine  over  sustained  periods  of  time. 

In  nature,  the  skeleton  responds  to  increased 
loads  (body  mass)  in  larger  animals  with  a  rela¬ 
tive  increase  in  the  amounts  of  bony  structure. 
This  greater  than  expected  increase  in  skeletal 
mass  as  body  mass  increases  is  found  in  animals  as 
they  increase  their  size;  e.g.,  mouse  has  a  skele¬ 
ton  that  is  8%  of  its  body  mass,  whereas  dogs  have 
K%  and  the  human  about  18%.  This  skeletal  mass 
relationships  for  all  animals  can  be  expressed 
mathematically  with  the  following  equation: 


Where 

S  =  skeletal  mass 
m 

M  =  body  mass 

a  =  (inter-intra)  species  constant 


The  larger  skeletal  mass  is  necessary  to  prevent 
spontaneous  fractures  from  the  weight  of  the  body 
at  earth's  gravity  since  the  load  increases  in 


proportion  to  the  cube  and  the  load-bearing  struc¬ 
tures  increase  only  in  proportion  to  their  cross- 
sectional  area;  i.e.,  proportion  to  its  square. 
The  amount  of  the  load  on  the  supporting  structure 
is  defined  as  the  specific  load  (kg/cm^)  which  is 
equal  to  1.28  x  scale.  Specifically,  the  specific 
load  increases  during  exposures  to  9G  from  1.28  to 
11.52;  i.e.,  the  weight  increases  9  times  with  no 
increase  in  the  load-bearing  structure.  In  order 
to  properly  support  that  much  weight,  a  pilot 
would  require  the  skeletal  mass  of  a  910  kg  ani¬ 
mal;  e.g.,  a  horse.  In  addition,  the  human's 
posture  is  upright,  loading  the  spine  in  an 
"unnatural"  manner;  i.e.,  it  was  designed  to 
support  quadripedal  posture  and  motion. 

The  ligaments  of  the  spine  are  considered  able  to 
support  accelerations  of  up  to  40G  for  the  appro¬ 
priate  posture  and  acceleration.  The  anatomical 
situation  of  the  spine  reflects  a  model  where  a 
head  with  a  weight  of  4900  grams  balances  on  top 
of  7  cervical  fragile  vertebrae  separated  by  thin 
viscoelastic  intravertebrae  discs.  The  balance  is 
kept  by  44  cervical  area  muscles.  These  seven 
cervical  vertebrae  are  connected  to  each  other  by 
a  system  with  38  joints  which  permits  maneuvera¬ 
bility  and  mobility  in  all  three  planes.  There¬ 
fore  the  spine  can  be  considered  an  extremely 
capable  structure,  but  that  can  be  at  risk  with 
high  loads. 

However  even  with  high  loads  on  the  spine  of  the 
human  during  high  G  exposures,  incidences  of 
spinal  fractures  or  spinal  disc  ruptures  in  either 
pilots  or  healthy  centrifuge  subjects  are  rare 
considering  millions  of  high  G  exposures  (8,  169). 
These  cases  of  vertebrae  fracture  and  disc  rupture 
occurred  with  twisted  head  positions  or  during 
unexpected  (unprepared)  G  onset.  Compression 
stress  alone  apparently  is  not  capable  of  ruptur¬ 
ing  vertebral  discs  (140).  On  the  other  hand, 
such  high  specific  loads  that  are  repeated  on  a 
regular  basis  over  many  years  may  well  "fatigue" 
the  supporting  structure  so  that  potentially 
spinal  diseases  can  eventually  occur.  This  AR 
will  attempt  to  ferret  out  that  potentially  impor¬ 
tant  situation. 

The  rate  of  change  of  these  loads  can  be  consid¬ 
ered  relevant  to  the  hazard  since  rapid  G  changes 
provide  less  time  for  biological  functional 
changes  in  preparation  of  these  loads.  This  rate 
change  of  G  probably  effects  supporting  muscles, 
tendons,  and  ligaments  the  most,  since  they  best 
prepare  for  the  increased  load.  However,  loads 
with  rapid  G  onset  are  primarily  supported  by  the 
spinal  column  with  the  viscoelastic  properties  of 
the  vertebrae  disc.  If  repeated  exposures  only 
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slightly  traumatize  the  disc,  but  with  disc  degen¬ 
eration  that  causes  less  disc  elasticity  (as 
occurs  with  age),  then  disc  rupture  could  be  a 
response  to  not  only  the  G  load,  but  also  the 
rapid  rate  of  G  onset. 

Shear  also  may  adversely  effect  the  spinal  cord 
since  its  specific  weight  is  considerably  less 
than  the  covering  bone  of  the  spinal  vertebrae. 
Although  the  cerebral  spinal  fluid  does  a  superb 
job  protecting  this  nervous  tissue,  significant 
impacting  forces  such  as  a  heavy  blow  to  the  head 
can  cause  brain  damage.  One  instance  of  brain 
injury  has  been  reported  with  high  +G^  exposure 
(approximately  9G)  that  resulted  in  temporary 
ataxia,  dyssynergia,  past  pointing  dysarthria,  and 
dysgraphia.  He  fully  recovered  in  6  months  (147). 
Therefore,  the  potential  exists  for  the  bony  spine 
with  its  high  specific  weight  positioned  longitu¬ 
dinally  in  the  +G^  environment  to  move  differen¬ 
tially  in  relation  to  the  spinal  cord  suspended  in 
the  cerebospinal  fluid  injuring  it  and  the  spinal 
nerve  roots.  Its  probability  of  occurrence  will 
be  examined  in  this  AR  as  will  recommendations  to 
conduct  studies  if  considered  necessary. 

Possibly,  rate  of  change  of  G  also  plays  a  signif¬ 
icant  role  in  the  physical  shear  phenomenon  in¬ 
volving  the  otoliths  since  the  inertia  of  otoconia 
of  this  structure  with  its  high  specific  density 
accelerate  more  rapidly  than  the  end  organs  in 
response  to  the  same  G.  Therefore,  the  structure 
of  the  vestibular  system  would  appear  to  be  at 
considerable  risk  during  high  G  onset  exposure. 
Such  damage  may  occur  but  because  of  the  compensa¬ 
tory  ability  of  the  vestibular  system,  functional 
problems  from  these  significant  injuries  may  be 
only  transitory  and  therefore  difficult  to  meas¬ 
ure. 

1.4  G  PROTECTION: 

Protection  by  definition  is  "to  cover  or  shield 
from  exposure,  injury,  or  destruction"  (199).  G- 
protection  does  not  nor  will  it  ever  protect  since 
G  is  pervasive  (as  is  gravity).  Quite  to  the 
contrary,  G-protection  increases  the  G  level  that 
the  human  can  tolerate  thereby  increasing  the  G- 
exposure  hazard.  G-protection  systems  are  direct¬ 
ed  towards  supporting  only  the  cardiovascular, 
since  that  physiologic  function  limits  human 
tolerance  for  aircrew.  These  G-protection  systems 
are  not  designed  with  the  spine  or  the  vestibular 
system  in  mind;  i.e.,  at  9  G  these  systems  are 
directly  exposed  to  9  times  the  force  of  gravity. 

Aircraft  designers  suggest  that  12  G  maneuvering 
is  very  possible  in  near-term  fighter  aircraft. 


Aircrew  protection  against  such  high  levels  of  G 
argue  for  reducing  the  eye-heart  vertical  distance 
by  reducing  the  seat-back  angle;  i.e.,  aircrew 
will  be  unable  to  tolerate  12  G  without  signifi¬ 
cantly  pronating  or  supinating  pilots.  However, 
it  must  be  remembered  that  aircraft  maneuverabili¬ 
ty  was  increased  from  7  G  to  9  G  without  concern 
for  protecting  pilots  at  higher  G  levels.  Sus¬ 
taining  9  G  was  revolutionary  indeed  requiring  its 
own  descriptive  nomenclature  "High  Sustained  G 
(HSG)".  Only  now  are  9  G  protection  systems  becom¬ 
ing  operational  --  some  20  years  after  the  intro¬ 
duction  of  9  G  aircraft.  These  G  protection 
systems  (that  do  not  utilize  reclining  technolo¬ 
gies)  will  allow  many  aircrew  to  "tolerate"  12  G. 
It  is  reasonable  then  to  suggest  that  perhaps 
aircrew  of  future  12  G  aircraft  will  fly  upright 
using  9  G  protection  systems  and  increasing  even 
more  the  specific  load  on  the  vertebrae  of  the 
spine  and  the  vestibular  system.  However  even 
reclined,  the  spine  and  vestibular  systems  are 
subjected  to  all  of  the  G  that  the  aircraft  devel¬ 
ops. 

At  some  point,  the  G  load  will  directly  cause 
medical  problems.  These  problems  will  probably 
develop  in  physiology  functions  that  are  directly 
effected  by  the  G  and  not  "protected"  by  G  protec¬ 
tion;  i.e.,  the  spine  and  vestibular  system.  It 
is  appropriate,  therefore,  to  examine  in  some 
detail  the  potential  for  medical  disorders  associ¬ 
ated  with  repeated  exposures  to  HSG. 

1.5  REVIEW  OF  ACCELERATION  LITERATURE: 

This  AR  will  review,  in  considerable  depth  and 
critique,  published  research  studies  that  directly 
and  indirectly  impact  this  topic  of  spine  and 
vestibular  injury.  The  following  review  consid¬ 
ered  only  briefly  those  publications  that  directly 
involve  HSG  as  well  as  mention  the  corollary 
environment  of  the  parachutist. 

1.5.1  Spine: 

Since  the  cervical  portion  of  the  spine  has  by  far 
the  greatest  range  of  motion  and  since  fighter 
pilots  are  always  concerned  about  who  is  behind 
them  ("check  six"),  the  neck  is  expected  to  take 
the  most  abuse  during  high  G  maneuvers  (109). 
This  assumption  appears  to  be  valid  since  several 
surveys  have  shown  neck  injury  to  be  prevalent  in 
fighter  pilots,  particularly  those  flying  the 
higher  performance  aircraft  (8,  21,  77,  109,  169, 
191,  192,  211).  The  vast  majority  of  fighter 
pilots  reported  some  form  of  acute  neck  injury 
related  to  ACM  in  high  performance  aircraft. 
Injuries  were  highest  in  those  pilots  that  flew 
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aircraft  with  the  highest  G  capabilities;  e.g.,  F- 
16,  F-18,  and  F-15.  Some  injuries  were  severe 
enough  to  lose  flying  time.  About  50%  of  the 
injuries  were  severe  enough  to  reduce  pilot  per¬ 
formance  (109).  Neck  injuries  appeared  to  occur 
more  frequently  in  the  older  pilots,  particular 
involving  major  injuries  (191,  192).  Although 
these  injuries  usually  involved  the  soft  tissue  of 
the  neck  (i.e.,  ligaments,  tendons,  muscles, 
etc.),  some  speculation  exists  that  some  of  this 
pain  may  be  originating  from  nerve  endings  in  the 
cervical  intervertebral  disc  (76). 

Although  acute  neck  injury  does  not  necessarily 
indicate  the  existence  of  degenerative  types  of 
spinal  diseases,  chronic  neck  pain  resulting  from 
repeated  high  G  exposures  has  been  reported  (189). 
Certainly,  the  increased  incidence  of  acute  neck 
injury  in  the  higher  performance  aircraft  suggests 
that  the  risk  to  cervical  spinal  injury  is  in¬ 
creased.  Inasmuch  as  our  understanding  of  the 
severity  of  neck  injury  from  high  sustained  G 
(HSG)  is  limited,  pilots  are  warned  to  take  pre¬ 
ventive  measures:  1)  increase  neck  muscular 
strength  with  exercise,  2)  neck  muscle  "warm-up" 
before  pulling  G,  3)  return  to  high  G  ACMs  gradu¬ 
ally  especially  after  not  flying  for  a  few  days, 
and  4)  minimize  neck/head  movement  during  high  G 
exposure  (192). 

Spinal  degenerative  diseases  that  effect  the 
cervical  vertebrae  and  discs  such  as  progressive 
cervical  osteoarthritis,  vertebral  fracture,  and 
cervical  disc  degeneration  have  been  surveyed 
(retrospective  studies)  in  pilots  of  high  perform¬ 
ance  aircraft  with  varying  results  (65,  80,  126). 
McNish  (126)  reported  no  significant  increase  in 
cervical  diseases  in  pilots  of  fighter,  attack, 
and  reconnaissance  (FAR)  type  aircraft  compared 
with  tanker,  transport,  and  bomber  pilots.  Howev¬ 
er,  two  other  surveys  found  significant  cervical 
pathologies  associated  with  HSG  exposures  in 
fighter  pilots.  Hamalainen,  et  al,  (80)  using 
magnetic  resonance  imaging  (HR I)  compared  senior 
fighter  pilots  with  sex  and  aged  matched  non-G 
exposed  controls.  He  found  a  significant  in¬ 
creased  incidence  in  the  fighter  pilot  population, 
particularly  comparing  the  more  severe  type  of 
disc  degenerative  changes  principally  in  the  C3-4 
disc,  Gillen  and  Raymond  (65)  found  increased 
significant  deterioration  resulting  in  cervical 
osteoarthritis  and  disc  space  narrowing  (using  x- 
ray)  in  young  fighter  pilots  compared  with  con¬ 
trols.  But  their  lesions  were  located  in  the  C4-5 
and  C5-6  vertebrae  spaces.  The  C5-6  disc  location 
is  most  commonly  related  to  age-related  cervical 
disc  degeneration  (13,  76). 


These  three  small  population  surveys  unfortunately 
complete  the  extent  of  our  knowledge  of  musculo¬ 
skeletal  effects  of  long  term  repeated  exposure  of 
pilots  to  HSG.  Although  suggestive  that  repeated 
HSG  is  related  to  cervical  spinal  degenerative 
disease,  these  surveys  do  not  constitute  the 
definitive  research  necessary  to  demonstrate 
causal  relationships. 

Spinal  discs  of  22  male  centrifuge  research  sub¬ 
jects  who  had  been  exposed  to  HSG  on  numerous 
occasions  were  examined  using  MRI.  Although  the 
incidence  of  spinal  disc  abnormalities  was  ex¬ 
tremely  high  in  these  young  subjects  (21-33  yrs  of 
age),  it  was  not  significantly  different  from  19 
age-matched  non-centrifuged  controls  (29). 
Interestingly,  not  all  spinal  pathology  related  to 
HSG  is  located  in  the  cervical  area.  Shaw  (178) 
reported  on  two  case  studies  that  involve  acutely 
herniated  discs  in  the  lumbar  region  in  pilots 
exposed  to  HSG. 

It  is  appropriate  to  also  briefly  consider  at  this 
time  the  G  environment  of  the  parachutist  when 
high  short-duration  exposures  have  been  shown  to 
have  a  causal  relationship  to  spinal  injury  and 
related  chronic  disease.  Particularly  relevant 
are  the  pathologies  associated  with  chronic  pain 
syndromes.  It  is  generally  accepted  from  sport 
pathology  that  such  lesions  can  affect  various 
joints,  inducing  chronical  pain  syndrome  after 
cessation  of  sport  activities.  Apparently,  no 
particular  attention  has  been  paid  to  the  spine  in 
regard  of  these  problems,  particularly  at  the 
cervical  level.  However,  in  the  sixties  and  early 
seventies,  some  studies  have  addressed  the  problem 
of  chronic  diseases  affecting  the  spine  of  para¬ 
troopers.  In  France,  Teyssandier  (187)  has  de¬ 
scribed  the  "parachutists'  spine  syndrome"  which 
is  essentially  a  pain  syndrome  localized  at  a 
precise  level,  usually  not  easily  related  to  a 
remembered  trauma.  The  nature  of  this  syndrome 
seems  quite  similar  to  the  "loading  syndrome"  of 
the  spine  described  elsewhere  (72,  189).  Inter¬ 
estingly  enough,  x-ray  investigations  conducted  on 
paratroopers  presenting  such  chronic  pain  syndrome 
showed  no  radiological  signs  in  almost  50%  of  the 
cases.  Unfortunately,  these  studies  were  made 
without  real  control  groups,  though  considerably 
reducing  their  value.  Whether  such  syndromes, 
pain  without  radiological  signs,  could  result  at 
the  cervical  level  from  repeated  exposure  to  HSG 
is  an  open  question.  New  techniques  allowing  soft 
tissues  and  ligament  investigations  could  be  used 
to  monitor  this  kind  of  problem.  This  question  is 
addressed  later  in  this  report. 
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1.5.2  Vestibular  Systea: 

Research  on  the  effects  of  HSG  and  the  ACM  on  the 
vestibular  system  of  animals  and  humans  has  been 
minimal  even  though  the  otolith  organs  of  the 
vestibular  system  respond  to  linear  accelerations 
and  therefore  considered  to  be  at  risk  during  HSG 
exposures.  Unfortunately,  most  of  the  recommenda¬ 
tions  of  this  AR  regarding  the  vestibular  system 
will  be  based  on  anecdotal  evidence  or  specula¬ 
tion. 

The  affects  of  high  acceleration  on  vestibulo- 
ocular  responses  of  humans  were  examined  by  Dowd 
(52)  in  1967  using  centrifugation.  Unfortunately, 
Coriolis  induced  effects  tend  to  confound  research 
on  the  vestibular  system  using  the  centrifuge 
because  of  its  circular  motion,  especially  with 
the  short  radius  of  most  human-use  centrifuges 
(usually  about  6  meters).  However,  the  ACM  also 
develops  coriolis  forces,  although  reduced  signif¬ 
icantly  from  those  of  centrifugation. 

The  Dowd  study  showed  definite  modifications  in 
vestibular  responses  post-centrifugation.  He 
speculated  that  the  otoliths  were  primarily  af¬ 
fected  perhaps  a  function  of  missing  otoconia  or 
loosened  fragments  of  otolithic  membranes.  This 
hypothesis  is  supported  by  Parker  et  al  (143) 
using  guinea  pigs  exposed  to  12G  for  195  sec  to 
100G  for  20  sec.  They  reported  moderate  to  severe 
loss  of  otoconia  from  the  maculae  of  both  the 
utricules  and  the  saccules,  and  a  distortion  of 
the  cupula  or  a  crista.  They  concluded  that  the 
more  common  transient  disorientation  reported  by 
many  centrifuge  subjects  may  be  related  to  stimu¬ 
lation  or  injury  of  the  otolithic  membrane  to  a 
lesser  degree. 

1.6  SUMMARY: 

Since  information  on  spinal  and  vestibular  injury 
as  related  to  exposure  to  HSG  is  limited,  addi¬ 
tional  information  on  injuries  inflicted  by  simi¬ 
lar  forces  but  produced  by  other  environments  will 
be  reviewed  in  later  sections  of  this  AR.  From 
the  information  presented  in  this  introduction,  it 
is  clear  the  ACM  environment  develops  inertial 
forces  that  load  the  spinal  column  to  a  level  that 
appears  to  reach  or  exceed  the  static  limits  of 
that  biological  system.  A  brief  review  of  the 
literature  provides  evidence  that  some  significant 
acute  and  perhaps  more  chronic  degenerative  types 
of  injuries  may  be  related  to  HSG  exposures  that 
occur  during  ACM  in  pilots  of  high  performance 
aircraft.  Less  information  is  available  for  the 
vestibular  system  as  it  relates  to  this  environ- 


Over  the  years,  nagging  concerns  about  the  medical 
hazards  of  such  high  levels  as  9G  --  9  times  above 
the  force  of  gravity  to  which  our  body  is  physi¬ 
cally  and  physiologically  adapted  --  are  occasion¬ 
ally  raised,  but  without  any  substantiation  with 
fact.  The  spine  and  otolithic  organ  appear  to  be 
among  the  most  potentially  vulnerable  to  the 
hazards  of  this  biodynamic  environment  if,  of 
course,  HSG  is  hazardous.  These  imponderables 
will  be  considered  by  this  AR  with  recommended 
courses  of  action. 


ment. 


6 


CHAPTER  2 

THE  ANATOMY  AND  BIOMECHANICS  OF  THE  SPINE 

2.1  INTRODUCTION 

The  challenge  posed  to  seated  humans  by  high 
performance  aircraft  (HPA)  operations  at  <+15Gz 
has  to  be  considered  in  spinal  and  central  nervous 
systems  not  designed  for  and  poorly  adapted  to 
erect  posture  (110,  163).  In  evolutionary  terms, 
high-Gz  is  being  used  by  a  cohort  already  aged  and 
beyond  the  natural  life  expectancy  our  spines  have 
been  engineered  to  support.  Indeed,  interverte¬ 
bral  disc  degeneration  is  manifest  even  in  teenag¬ 
ers  (23,  24,  128,  177,  186,  209).  Meanwhile  in 
the  general  population  exposed  only  to  +lGz, 
present  postural  habits  ensure  components  of  the 
spine  are  at  their  failure  boundaries  in  many 
individuals  for  much  of  the  time  (35,  71,  82,  99, 
175).  Not  surprisingly,  spinal  morbidity  is  the 
primary  cause  of  loss  of  working  time  in  the 
adult,  physically  active  populations  of  most  NATO 
countries  (68,  133,  165).  The  reader  is  referred 
to  Chapter  3  for  more  information  on  occupational¬ 
ly  related  special  injury. 

2.2  COMPARATIVE  ANATOMY  OF  THE  SPINE 

In  evolutionary  terms,  before  our  ancestors  as¬ 
sumed  the  erect  posture,  the  function  of  the  spine 
was  to  act  as  a  horizontal  mobile  but  intrinsical¬ 
ly  stable  axial  structure  under  -Gx.  This  dichot¬ 
omy  of  design  objectives  was  satisfied  by  arrang¬ 
ing  it  as  three  transversely  segmented  columns  in 
suspension.  The  principal  components  maintaining 
its  configuration  remain  the  continuous  anterior 
longitudinal  ligament  [ALL]  and  the  posterior 
facet  Joints  between  each  segment.  Each  segment 
comprises  an  anterior  vertebral  body  and  posterior 
pars  interarticulares,  supporting  the  facet  Joints 
on  either  side  and  themselves  Joined  over  the 
spinal  canal  by  the  laminae.  Posterior  from  the 
junction  of  the  two  halves  of  the  lamina  in  the 
midline  extends  the  bony  spinous  process.  Trans¬ 
verse  processes  extend  out  laterally,  one  on  each 
side,  from  the  Junction  of  each  pars  and  the 
pedicles  which  Join  the  pars  on  each  side  to  the 
vertebral  body  in  front.  Normal  quadrapedal 
posture  caused  the  structure  to  bow  forward  into 
lordosis  between  supporting  limbs  at  either  end, 
in  the  manner  of  a  suspension  bridge.  In  this 
configuration  with  the  ALL  in  distraction  [ten¬ 
sion]  and  the  facet  Joints  apposed  in  compression, 
the  structure  is  mobile  but  stable.  If  it  is 
straightened  [as  by  axial  extension]  or  posterior¬ 
ly  bowed  into  kyphosis,  it  becomes  unstable  as  the 
facet  Joints  disengage. 


Anteriorly,  bridging  the  space  between  the  verte¬ 
bral  bodies,  vestiges  of  the  notochord  persist  in 
the  intervertebral  discs.  In  the  dynamic  situa¬ 
tion,  they  act  under  distraction  [that  is  under 
tension  rather  than  compression]  as  shock  absorb¬ 
ers  protecting  the  ALL  from  high  transient  axial 
loads  and  transfering  such  transients  to  the 
vertebral  bodies,  themselves  arranged  [unlike 
other  long  bones  optimised  to  bear  weight  in 
compression]  with  widely-separated  vertical  pe¬ 
ripheral  cortical  surfaces  and  light-weight  verti¬ 
cally  orientated  but  tension  resistant  cancellous 
centres. 

This  cancellous  pattern  is  altered  in  the  pedicles 
which  are  optimised  to  bear  transverse  [postero- 
anterior]  tension  as  they  hold  together  the  ante¬ 
rior  axially  distracted  and  posterior  axially 
compressed  components  or  "columns'  in  Holdsworth's 
terminology  (93).  In  dynamic  and  structural 
terms,  the  nodal  focusing  of  transverse  stresses 
into  the  pedicles  and  their  expansion  into  the 
vertebral  bodies  and  the  interposed  posterior 
disc,  posterior  disc  annuli  and  the  weak  posterior 
longitudinal  ligament  comprises  an  intermediate, 
"middle"  column  between  the  distracted  anterior 
and  the  compressed  posterior  columns.  This  middle 
column  is  furnished  with  additional  lateral  inter¬ 
vertebral  neuro-central  Joints  in  the  cervical 
spine. 

With  little  development  and  less  re-configuration, 
this  horizontally  arranged  suspension  system  has 
been  required  to  accept  vertical  +Gz  loading  with 
the  assumption  of  the  upright,  erect  posture 
(110).  The  transition  was  assisted  by  an  interme¬ 
diate  arboreal  phase  when  upper  limb  suspension 
and  therefore  continued  axial  distraction  was  the 
rule  (208).  We  are  now  left  with  an  axial  skele¬ 
ton  designed  for  horizontal,  ponograde  activity 
with  passive  maintained  stability  dependent  on 
that  configuration  under  -Gx,  yet  now  operated 
upright  under  +Gz,  often  with  lordosis  reduced  and 
therefore  in  dynamic  instability  or  worse,  in 
gross  anterior  column  compression,  if  lordosis  is 
abolished  and  kyphosis  adopted. 

That  this  potentially  disasterous  arrangement  did 
not  prevent  our  species  progression  from  the 
forests  out  on  to  the  plains  of  the  world  was  due 
to  three  factors. 

1)  The  intervertebral  disc  proved  in  erect 
practice  to  be  able  to  carry  compression  loads  in 
the  majority  of  the  population  for  >16  years. 

2)  Reproduction  occurred  to  ensure  the  next 
generation  by  this  age. 
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3)  Sufficient  disc  degenerate  "elders  [>16  years 
of  age]"  survived  with  usable  spines  in  a  social 
organization  able  to  protect  the  next  generation 
to  puberty. 

Subsequently,  the  necessity  of  education  for  the 
further  progression  of  human  society  and  the 
associated  phenomenon  of  adolescence  while  procre¬ 
ation  is  delayed  now  means  that  few  under  16  years 
old,  non-disc  degenerate  pilots  can  be  trained, 
deployed  and  usefully  employed  before  time  and  the 
reality  of  the  human  condition  catches  up  with 
them. 

Despite  this  design: function  mis-match  which  has 
to  be  ascribed  to  the  First  Saturday  of  Creation 
as  described  in  Genesis  (62)  with  respect,  the 
"Mark  II"  improved  female  model  based  on  the  early 
cloning  works  of  the  Second  Tuesday  as  described 
in  Genesis  (63)  exhibits  only  superficial  improve¬ 
ments.  Some  spinal  remodelling  useful  to  erect 
posture  had  taken  place  before  the  ponograde 
position  was  abandoned  and  our  ancestors  took  to 
the  trees  to  survive  (and  to  be  able  to  be  our 
ancestors): 

1)  Lung  ventilation  by  negative  phase  respira¬ 
tion  required  a  rib  cage  which  doubles  as  an 
outrigged,  cantilevered  trapeze  for  the  thoracic 
spine.  This  in  its  turn  can  be  splinted  by  posi¬ 
tive  pressure  breathing,  PPB  or  the  Valsalva 
maneuver  (12). 

2)  The  need  for  thoracic  kyphosis  to  maintain 
overall  axial  neutrality  introduced  anterior 
column  compression  which  was  off-set  by  reducing 
the  axial,  now  vertical  dimension  of  the  anterior 
thoracic  column  by  anterior  thoracic  vertebral 
body  "wedging"  (163). 

3)  In  the  sacrum  marked  compensatory  kyphosis  is 
not  only  reflected  by  anterior  wedging,  but  also 
by  massive  lateral  buttressing  by  the  fused  sacral 
alae. 

Later,  a  potentially  disastrous  major  spinal 
structural  compromise  at  the  cranio-cervi ca I 
junction  --  which  required  90°  anterior  angulation 
to  maintain  forward  horizontal  vision  as  the 
general  spine  axis  rotated  upwards  to  assume  the 
erect  posture  --  was  off-set  by  other  develop¬ 
ments.  Forty-five  degrees  (45°)  was  provided 
immediately  above  the  (antero- lateral )  occipito- 
vertebral  (atlanto-occipi tal )  joints,  to  maintain 
axial  balance  during  the  development  of  the  cere¬ 
bellum.  The  remaining  45°,  beyond  the  termination 
of  the  vertebral  bodies  at  the  top  of  the  clivus, 
was  imposed  by  the  need  to  accommodate  the  massive 
development  of  the  cerebral  hemispheres. 


In  erect,  +Gz  terms,  this  means  that  rather  than 
having  to  support  an  outrigged  ever  more  massive 
head  at  the  far  end  of  a  horizontally  extended 
neck,  a  problem  further  compounded  by  the  Cl -2 
mobility/stability  compromise  (54,  91,  198),  the 
head  (head  and  helmet)  can,  by  appropriate  design 
and  training,  be  balanced  at  the  cranio-cervical 
junction  by  the  cervical  paraspinal  muscles  to 
well  beyond  our  +15Gz  objectives  (86).  This  is 
more  comfortable  than  the  convention  in  hang¬ 
gliding,  more  convenient  than  is  necessary  in 
prone  position  pilotage,  (PPP)  (11,  16,  39,  87, 
111,  182,  196,  207,  214)  and  much  less  troublesome 
than  the  helmet-horse  stabilization  which  the  XVth 
century  armorers  found  necessary  for  total,  three- 
axis  spinal  protection. 

This  advantage  is  obviated  by  present  headbox  and 
helmet  designs  which  ignore  evolutionary  develop¬ 
ment,  force  present  HPA  aircrew  into  cervical 
kyphosis  and  ensure  they  operate  at  maximum  cervi¬ 
cal  and  cranio-cervical,  mechanical  and  dynamic 
disadvantage,  discomfort  and  risk.  Not  surpris¬ 
ingly,  this  anatomical  anarchy  is  rewarded  by  much 
neck  pain  (6,  8,  10,  13,  14,  21,  65,  76,  109), 
some  injury  (168,  169,  191,  192,  211)  and  unusual 
variations  on  the  normal  present  day  pattern  of 
adult  spinal  degeneration  (80)  associated  with  the 
+1Gz  cervical  kyphosis  ("slouching")  which  is  the 
current,  fashionable,  unphysiological  norm.  The 
latter  causes  as  much  trouble  in  controls  (29)  and 
other  military  personnel  (47,  125,  126)  as  well  as 
being  eventually  near-universal  in  the  general 
population  at  large  (31,  61,  114,  133,  148,  164, 
215).  Surprisingly,  only  MiG-21  pilots  appear 
immune  to  this  otherwise  universal  trend  (124, 
185).  Stupakov  et  al,  (185)  used  an  interesting 
indirect  method  to  determine  the  relationship 
between  clinical  recovery  time  and  vertebral 
column  destruction.  Their  technique  involved  the 
use  of  acoustic  emission  signals  from  the  stressed 
vertebral  column  similar  to  the  methods  used  by 
engineers  to  test  other  stressed  structures. 

The  lumbar  and  cervical  spine  are  passively  unsta¬ 
ble  unless  in  full  lordosis.  Like  tall-masted 
sailing  ships,  they  depend  for  configuration, 
strength  and  stability  on  their  continuous  dynamic 
"active"  rigging  by  the  "crew"  of  the  spine,  the 
muscles  acting  through  their  ligaments  and  attach¬ 
ments  to  the  bony  components  of  the  spine,  under 
constant  "orders"  through  and  from  the  peripheral 
and  central  nervous  systems.  Again  like  a  tall 
ship,  the  spine  can  only  be  operated  satisfactori¬ 
ly  within  its  design  constraints.  Craft  and  crew 
require  constant  training,  stressing  (106)  and 
practice  to  function  safely,  particularly  in 
unusual  circumstances,  such  as  intended  axial 
loading  to  +15Gz. 


2.2.1.  Two  Elanents  Ronain  to  be  Introduced: 

1)  The  inter- laminar  ligamenta  flava  and  the 
inter-  and  supraspinous  ligaments  damp  and  to  a 
degree  progressively  restrict  spinal  movement  as 
the  "neutral  zone"  of  each  joint  is  left  and  full 
Joint  range  and  spinal  deflection  approached  (138, 
139).  In  compression,  they  provide  a  progressive 
end-point  to  cervical  lordosis  whilst  "concertina- 
ing"  of  the  ligamentum  flavum  can  compound  spinal 
stenosis. 

2)  Lastly,  both  the  ligaments  and  the  back  as  a 
whole  have  a  powerful  sensory  afferent  function. 
"Strapping  on"  one's  aerobatic  aircraft  is  no  idle 
turn  of  phrase,  but  an  indication  that  to  be  "at 
one"  with  the  aircraft,  at  least  one  major  part  of 
one's  anatomy  has  to  have  a  constant  and  unvarying 
relationship  with  it.  "Pelvic  welding"  to  the 
seat  pan  by  the  two  lap  straps  and  the  G-strap  is 
preferred.  Too  tight  shoulder  restraint  restricts 
head  and  neck  movement  and  may  induce  a  distract¬ 
ing  euphoria  at  high  -Gz.  Careful  seat  design  and 
individual  fit  allowing  the  active  maintenance  of 
cervical  and  lumbar  lordosis  are  essential  to 
accurate  and  undistracted  high  +/-Gz  pilotage. 

In  this  fearsome  situation,  there  are  features 
which  can  be  turned  with  advantage  to  the  present 
purpose: 

a)  The  human's  aging  characteristics  (128,  177, 
186)  mean  the  intervertebral  discs  cannot  be 
relied  upon  to  accept  anterior  spinal  axial  com¬ 
pression  loading  over  the  age  of  16.  For  practi¬ 
cal  purposes,  all  aircrew  are  "spinal 
degenerates".  Fortunately,  by  recognizing  the 
anatomical  realities  of  the  situation  and  main¬ 
taining  cervical  and  lumbar  lordosis.  The 
strength  and  stability  of  the  two  spinal  segments 
most  at  risk  do  not  have  to  rely  on  disc  compres¬ 
sion.  At  the  same  time  by  maintaining  physiologic 
disc  distraction,  the  degenerate  intervertebral 
disc  is  still  able  to  function  usefully,  as  di- 
si  gned,  as  a  dynamic  shock  absorber. 

b)  Whereas  even  in  the  fit  youngster  (<16  years) 
in  erect  passive  kyphosis  lumbar  and  cervical 
spines  are  at  their  static  anterior  compression 
failure  boundaries,  used  intelligently  as  designed 
in  lumbar  and  cervical  lordosis  the  spine  becomes 
a  spring-like  "active"  system  in  which  axial 
strength  is  not  limited  by  anterior  compression 
failure  but  rather  by  the  spine's  very  much  great¬ 
er  active  whole-system  performance.  Rather  than 
being  the  weakest  (in  compression)  component  of 
the  +Gz  loaded  spine,  in  cervical  and  lumbar 
lordosis,  the  "compress ion- weak"  anterior  column 
contributes  its  great  [designed  for  distraction] 


tensile  strength.  In  distraction,  the  anterior 
column  only  fails  in  gross  extension  spinal  in¬ 
jury,  where  peak  anterior  distraction  levels 
greatly  exceed  those  provided  by  +15Gz  and  indeed 
the  50G  identified  by  STAPP  (183,  184). 

For  maximal  +Gz  spinal  loading  performance,  the 
keys  are:  cervical  and  lumbar  lordoses  with  head 
balance  on  the  occipital  condyles.  This  is  the 
mandatory  high  +Gz  resting  or  "neutral"  position. 
All  movements  should  be  made  from  this  position, 
especially  under  increased  +Gz,  retaining  lordoses 
and  head  balance  as  long  as  it  is  possible  (78). 
Seat,  cockpit  and  helmet  design,  crew  selection, 
training  and  aircraft  operation  need  to  recognize 
and  exploit  these  realities  if  both  maximum  opera¬ 
tional  effectiveness  and  minimum  aircrew  morbidity 
are  to  be  achieved. 

2.3  SPINAL  BIOMECHANICS  AND  NEURO-ORTHOPAEDIC 
PRACTICE 

2.3.1  Introduction 

This  is  now  a  vast  subject  with  an  ever  larger 
literature.  Despite  this,  most  of  the  published 
work  is  of  surprisingly  little  value  to  AR317  as 
it  dwells  on  the  limitations  of  the  spine's  mate¬ 
rials  and  component  parts  and  demonstrates  little 
real  progress  since  Stapp's  research  (184).  With 
exceptions  (20,  28,  35,  45,  53,  68,  71,  78,  81, 
134,  141,  145,  171),  little  effort  has  been  made 
to  establish  how  the  spinal  system's  peculiarities 
can  be  exploited  in  the  individual  as  well  as  the 
general  population's  best  interest.  Much  of  the 
present  literature  and  opinion  is  reflected  in 
relatively  recent  reviews  (120,  130,  138,  139, 
149,  180,  202). 

The  principle  restriction  of  the  materials  work  is 
that  components  are  considered  in  isolation  and 
often  tested  and  reported  inappropriately  (99, 
199,  213).  The  prime  example  is  the  consideration 
of  disc  compression  failure  as  the  hallmark  of 
spinal  compression  performance.  Even  Majendie  in 
1816  (71)  did  better,  but  by  misapplying  Euler's 
compression  theory  (59)  and  ignoring  the  equal 
importance  of  distraction,  Hooke's  law  (94)  and 
tension  in  curved  structures,  he  blighted  the 
consideration  of  the  spine  as  an  active,  continu¬ 
ously-trimmed  structure  with  cross-bracing  as  well 
as  curves,  in  which  rapid  and  progressive  extra- 
spinal  as  well  as  paraspinal  muscle  recruitment  is 
available  with  steadily  increasing  leverage, 
particularly  if  lumbar  and  cervical  lordoses  are 
maintained. 

Clinical  experience  supports  comparative  anatomy 
in  emphasizing  the  importance  of  considering. 
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preparing,  training,  practicing  and  operating  the 
spine  as  a  whole,  as  an  active  biological  system, 
not  limited  by  the  sum  of  the  post-mortem  charac¬ 
teristics  of  a  few  of  its  component  parts  (106). 

2.3.2  Biomechanics  of  Acute  Spine  Injury 

Spinal  injuries  are  occurring  despite  the  neck 
having  sufficient  strength  to  carry  the  loads  that 
would  be  anticipated  on  exposure  to  high  Gz.  The 
mechanism  by  which  neck  injury  is  occurring  in 
fighter  pilots  is  more  complicated  than  simple 
compressive  loads  acting  on  the  cervical  spine. 
Extensive  biomechanical  investigation  into  the 
mechanism  by  which  the  musculoskeletal  elements  of 
the  spine  fail  has  been  motivated  by  the  large 
numbers  of  back  injuries  seen  in  industry  and  the 
serious  consequences  of  traumatic  injuries  to  the 
spine.  Many  attempts,  as  reviewed  in  Panjabi  and 
White  (140),  have  been  made  to  produce  disc  pro¬ 
lapses  in  cadaveric  spines  by  compressive  loading. 
The  vertebral  end  plate  always  fails  before  disc 
prolapse,  even  in  spines  with  significant  degener¬ 
ative  disease.  The  intervertebral  disc  can  be 
torn  by  torsional  loading  beyond  the  physiological 
limit,  but  prolapse  did  not  occur  in  these  experi¬ 
ments.  Flexion  tears  the  posterior  ligaments  or 
fractures  the  posterior  laminae  but  does  not 
rupture  the  disc.  Recent  experiments  (2,  140) 
have  successfully  prolapsed  discs  by  applying  a 
compressive  load  to  a  specimen  that  was  already 
laterally  bent  and  hyperflexed.  This  mechanism 
was  not  successful  in  all  specimens.  The  speci¬ 
mens  that  did  prolapse  had  prior  disc  degenera¬ 
tion,  came  from  the  40-49  year  age  group,  and  from 
the  lower  lumbar  levels  L4-5  and  L5-S1.  Combina¬ 
tions  of  intervertebral  joint  movement  that  pro¬ 
duce  stress  concentrations  and  distort  the  disc 
are  needed  to  produce  disc  prolapse,  rather  than 
purely  compressive  forces. 

In  the  studies  cited  above,  preexisting  disc 
degeneration  was  needed  before  prolapse  could  be 
produced.  The  mechanism  by  which  disc  degenera¬ 
tion  occurs  remains  a  subject  of  speculation. 
There  is  some  experimental  evidence  that  inter¬ 
vertebral  discs  may  fail  through  "fatigue". 
Cyclic  loads  in  both  compression  and  torsion  have 
been  applied  at  rates  up  to  40  times  per  minute 
(132,  202).  Many  of  the  post-mortem  specimens 
used  in  fatigue  testing  develop  posterolateral 
radial  fissures.  Nixon  (132)  suggests  when  these 
fissures  become  confluent,  they  may  provide  a  path 
through  which  nuclear  material  can  escape.  The 
avascular  disc  tissue  has  only  limited  capacity  to 
repair  itself.  It  takes  500  days  to  turnover  the 
proteoglycans  in  dog  intervertebral  discs  (190), 
thus  the  rate  of  injury  could  easily  exceed  the 


recuperative  abilities  of  the  disc.  Disorders  of 
the  musculoskeletal  elements  of  the  spine  are 
increasingly  being  considered  as  "cumulative 
trauma  disorders"  when  occupational  stresses  are 
analyzed,  in  concert  with  the  above  work  on 
"fatigue  failure"  (73,  96).  Cumulative  trauma 

disorders  can  be  defined  as  " _  disorders  of  the 

body  that  are  caused,  precipitated,  or  aggravated 
by  repeated  trauma. ..(; )  the  soft  tissues,  the 
back  and  the  upper  extremities  are  among  the  most 
commonly  afflicted  area  "  (15).  Unfortunately, 
the  literature  specifically  supporting  this  con¬ 
cept  is  limited.  The  mechanical  properties  of  the 
disc  change  with  age.  The  water  content  de¬ 
creases  from  90  percent  to  less  than  70  percent  as 
age  increases  from  below  30  years  to  70  years. 
The  structure  of  the  disc  changes  with  collagen 
slowly  replacing  the  nucleus.  It  is  difficult  to 
distinguish  the  process  of  aging  from  pathophysio¬ 
logic  changes  in  the  spine  (42). 

Further  understanding  of  the  biomechanics  of  the 
spine  is  provided  by  mathematical  modeling.  The 
bones  and  ligaments  of  the  spine,  when  removed 
from  a  cadaver  and  stripped  of  all  of  their  sup¬ 
porting  muscles,  can  only  carry  a  load  of  about  20 
Newtons  (N)  (117).  They  buckle  in  response  to 
such  small  loads.  Clearly,  the  muscles  play  an 
important  role  in  maintaining  the  load  carrying 
capacity  of  the  spinal  column.  Gracovetsky  and 
Farfan  (68)  emphasize  the  dynamic  nature  of  normal 
spine  function.  Their  hypothesis  requires  a 
control  loop  to  minimize  the  stress  in  all  of  the 
intervertebral  joints  by  adjusting  the  tensions  of 
individual  muscles  attached  to  the  spine.  Their 
model  implies  this  occurs  when  the  intervertebral 
disc  carries  almost  pure  compressive  loads.  They 
suggest  a  number  of  mechanisms  might  injure  the 
intervertebral  disc.  Lateral  bending  is  coupled 
to  axial  torsion  in  the  spine.  Their  model  sug¬ 
gests  the  level  of  torque  transmitted  through  the 
spine  dynamically  exceeds  the  static  strength  of 
the  joint.  If  the  control  system  fails  to  main¬ 
tain  the  torque  strength  of  the  spine,  a  torsional 
overload  in  the  spine  may  result.  One  situation 
in  which  the  muscles  may  fail  to  control  the 
stress  distribution  in  the  spine  is  the  "misstep". 
This  occurs  during  a  step  when  a  person  steps  down 
without  realizing.  The  control  system  is  unpre¬ 
pared  for  the  sudden  step  down  and  cannot  adjust 
the  muscle  tensions  quickly  enough  to  counter  the 
impact  forces  of  the  step.  Gracovetsky  and 
Farfan's  model  implies  injuries  to  the  spine  occur 
as  a  result  of  failures  in  the  control  system. 
More  recently  Panjabi  (138,  139)  has  suggested  the 
spinal  stabilizing  system  should  be  considered  as 
three  subsystems  consisting  of  a  passive  system 
(the  bony  and  ligamentous  system),  the  active 
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system  (muscles  and  tendons  attached  to  the  spinal 
column)  and  the  neural  subsystem.  This  author 
also  emphasizes  the  dynamic  nature  of  the  biome¬ 
chanics  of  the  spine  and  also  considers  the  possi¬ 
bility  of  injury  to  the  spine  resulting  from 
failure  of  the  control  loop. 

Pitots  ejecting  from  military  aircraft  can  experi¬ 
ence  spinal  loads  close  to  human  tolerance  limits. 
Several  mathematical  models  have  been  developed  to 
help  understand  the  forces  transmitted  through 
pilots'  spines  on  ejection,  especially  the  cervi¬ 
cal  spine.  The  insights  offered  by  these  models 
may  also  apply  to  the  problems  encountered  by 
pilots  moving  their  heads  while  exposed  to  high  Gz 
forces  in  maneuvering  aircraft.  Helleur  et  al 
(86)  estimated  the  cervical  spine  should  be  able 
to  tolerate  loads  seen  at  G  levels  up  to  40  G  with 
the  head  in  an  optimal  position.  Their  model  only 
considered  head  and  neck  motion  in  the  sagittal 
plane.  They  found  that  when  the  force  vector  was 
applied  in  a  non-optimal  direction  or  the  head  was 
not  optimally  positioned,  the  tolerance  level 
dropped  steeply.  Gracovetsky  and  Farfan  (68) 
suggest  a  mechanism  for  cervical  spine  injury  at  G 
levels  lower  than  the  theoretical  maximum  cervical 
spine  load.  In  their  model,  they  noted  at  maximum 
voluntary  effort,  the  muscles,  ligaments  and  bones 
are  only  stressed  to  two- thirds  of  their  ultimate 
strength.  They  interpret  this  to  mean  the  organ¬ 
ism  senses  impending  injury  and  shuts  down  by 
refusing  or  aborting  the  task.  In  an  ejection,  if 
a  pilot  aborts  by  reflex  the  task  of  holding  his 
head  up,  his  muscles  will  relax  at  the  worst 
possible  moment,  causing  injury.  They  also  found 
the  seat  restraint  system  prevented  the  musculo¬ 
skeletal  system  from  adopting  a  posture  minimizing 
the  stress  distribution  through  the  spine. 

Recently,  models  of  the  spine  specifically  under 
high  Gz,  rather  than  during  ejection  have  been 
developed.  Snyders  and  Roosch  (181)  were  able  to 
estimate  the  tensions  in  the  muscles  attached  to 
the  cervical  spine  and  the  forces  transmitted 
through  the  intervertebral  joints.  In-flight 
measurements  of  head  position  and  G  in  an  F-16 
were  input  into  the  model.  They  found  the  helmet 
increased  forces  in  the  neck  by  a  factor  of  1.3  to 
1.5.  When  the  head  was  rotated  into  an  extreme 
position,  the  load  in  the  atlanto-occipital  joint 
increased  14  times,  while  the  load  in  the  lower 
cervical  spine  increased  21  times.  At  7  G,  a 
highly  rotated  head  position  with  moderate  lateral 
flexion  and  forward  flexion  requires  muscle  ten¬ 
sions  that  are  sustainable  for  only  10  to  30 
seconds,  when  compared  with  known  neck  muscle 
capacities.  The  build-up  of  high  velocities  of 
the  head  relative  to  the  torso  has  been  suggested 


to  cause  in-flight  neck  injury  by  Raddin  et  a  I 
(154).  They  give  an  example  of  someone  falling 
asleep  in  a  sitting  position.  As  the  head  falls 
forward,  allowing  for  a  drop  height  of  3  inches, 
the  head  can  build  up  a  velocity  of  4  ft/sec 
relative  to  the  torso.  If  the  neck  muscles  are 
required  to  decelerate  the  head  over  a  distance  of 
1  inch,  the  head  would  experience  a  3  G  decelera¬ 
tion.  This  force  can  produce  mild  neck  strains. 
If  the  same  calculations  are  applied  to  a  freely 
falling  head  at  8  G,  the  neck  muscles  are  required 
to  produce  a  27  G  head  deceleration,  which  the 
authors  of  this  paper  consider  would  produce 
injury.  Loss  of  control  of  the  head  under  G  is  a 
fundamental  part  of  this  hypothesis  for  G  induced 
neck  injury. 

Despite  the  different  approaches  used  by  various 
groups  modeling  the  head  and  neck  exposed  to  high 
Gz,  a  number  of  common  elements  are  apparent. 

1)  The  first  of  these  is  head  position.  A  high 
proportion  of  pilots  experience  neck  injury  when 
their  heads  are  in  an  extreme  position.  The 
"check  six"  head  movement  has  the  highest  injury 
potential.  The  Snyders  and  Roosch  model  (181) 
demonstrates  the  high  muscle  tensions  and  joint 
forces  seen  in  this  type  of  head  position,  while 
the  model  of  Helleur  et  al  (86)  suggests  the  load 
carrying  capacity  of  the  cervical  spine  is  sharply 
reduced  as  the  head  moves  from  a  neutral  position. 

2)  The  second  circumstance  commonly  reported  as 
leading  to  neck  injury  is  sudden  unexpected  appli¬ 
cation  of  high  Gz,  catching  one  member  of  a  multi¬ 
ple  crew  unaware.  The  sudden  application  of  force 
to  the  head  could  be  too  rapid  for  neural  control 
to  follow,  leading  to  non-optimum  muscle  tensions 
and  spinal  positioning  for  the  applied  forces,  in 
a  manner  consistent  with  Gracovetsky  and  Farfans' 
model  (68).  The  mechanism  suggested  by  Raddin  et 
al  (154)  is  essentially  the  same.  The  occurrence 
of  acute  injury  can  be  explained  by  combinations 
of  the  above  mechanisms. 

2.3.3  BioMechanics  of  Spinal  Degeneration 

The  question  this  working  group  set  out  to  address 
is  not  so  clear.  There  is  very  little  clinical 
and  biomechanical  evidence  for  chronic  injury  to 
the  musculoskeletal  elements  of  the  spine  from 
high  Gz  exposure.  Understanding  this  effect  of 
high  Gz  on  the  spine  is  hampered  by  a  general  lack 
of  understanding  of  spinal  degeneration  in  the  1  G 
environment.  Nonetheless,  a  consensus  is  develop¬ 
ing  in  the  occupational  medicine  arena  that  may  be 
useful  in  the  high  G  environment.  The  structural 
components  of  the  spine  deteriorate  with  age. 


This  deterioration  can  be  accelerated.  Mechanisms 
such  as  those  proposed  by  Gracovetsky  and  Farfan 
(68)  and  Panjabi  (138,  139),  injure  the  components 
of  the  spine,  especially  the  disc.  The  injuries 
may  be  asymptomatic,  as  the  system  has  a  function¬ 
al  reserve  that  can  compensate  for  individual 
parts  that  are  not  able  to  function  at  full  capac¬ 
ity.  The  remaining  fully  functional  parts  of  that 
system,  in  carrying  the  loads  of  injured  compo¬ 
nents,  are  required  to  work  at  loads  closer  to 
their  limits,  making  them  more  vulnerable  to 
further  injury.  Eventually,  sufficient  damage 
accumulates  to  become  symptomatic  and  the  individ¬ 
ual  becomes  aware  of  the  end  result  of  a  long 
process  of  cumulative  trauma.  Pilots'  spines 
regularly  exposed  to  high  Gz  may  be  degenerating 
more  rapidly  than  normal.  The  high  prevalence  of 
neck  pain  in  flight  suggests  frequent  minor  in¬ 
juries  are  occurring.  The  cases  in  which  more 
severe  injuries  have  occurred  may  represent  one 
end  of  a  spectrum  of  in-flight  injuries.  The 
circumstances  associated  with  in-flight  injury  are 
in  keeping  with  these  theoretical  mechanisms. 
Repeated  minor  neck  injuries  may  be  exposing 
pilots  to  cumulative  trauma  and  causing  their 
spines,  especially  their  cervical  spines,  to 
degenerate  more  rapidly  than  individuals  not 
exposed  to  high  Gz. 
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CHAPTER  3 

MUSCULOSKELETAL  SYSTEM  AS  RELATED 
TO  HIGH  SUSTAINED  G 

3.1  INTRODUCTION: 

Exposure  to  high  sustained  +Gz  (HSG)  causes  acute 
neck  symptoms  in  approximately  75%  of  F-16  and  F- 
18  fighter  pilots  (109,  191).  This  incidence  rate 
is  far  greater  than  sustained  in  pilots  of  earlier 
generation  of  F-4  type  fighter  aircraft  who  were 
routinely  exposed  to  considerably  lower  levels  of 
G.  Although  these  acute  symptoms  usually  involved 
the  soft  tissues  of  the  neck,  their  increased 
incidence  suggests  the  neck  region  is  at  risk  in 
pilots  flying  these  very  high  G  advanced  fighter 
aircraft. 

Such  acute  episodes  could  be  held  to  herald  more 
chronic  changes  reflecting  repeated  HSG  exposure 
over  many  years  of  flying.  Similarly,  spinal 
degeneration  is  initially  silent  without  obtrusive 
symptoms.  Only  after  years  of  repeated  "subclini- 
cal  insults"  do  symptoms  begin  to  appear.  When 
symptoms  finally  develop,  they  tend  initially  to 
be  non-specific  and  similar  to  the  normal  effects 
of  aging.  The  in-flight  occurrence  of  acute  neck 
symptoms  suggests  the  cervical  spine  in  particular 
is  at  enhanced  risk  during  HSG  exposure.  On  basic 
principles,  the  lumbar  spine  is  likewise  at  haz¬ 
ard. 

Correlation  of  causative  agents  and  spinal  symp¬ 
toms  can  be  difficult  to  establish.  To  establish 
the  relationships  beyond  doubt  in  this  case  would 
require  an  extensive  controlled  study  that  com¬ 
pares  different  populations,  or  a  longitudinal 
study  to  follow  this  slowly  progressing  condition. 

Such  studies  are  extremely  difficult  to  design  and 
conduct.  Large  numbers  of  subjects  are  required 
and  control  populations  are  difficult  to  obtain 
since  similar  degenerative  changes  occur  from 
other  commonly  found  unrelated  injuries  and  aging; 
where  "aging"  is  greater  than  16  yrs.  Obviously, 
these  studies  are  very  expensive,  politically 
difficult  to  manage,  and  they  require  substantial 
resources. 

Therefore  it  would  be  unwise  to  undertake  such 
studies  without  critical  review  of  the  literature. 
Such  a  review  should  include  information  related 
to  spinal  disorders  of  various  origins;  e.g., 
various  occupations,  environments,  etc.  What 
follows  is  such  a  review  that  summarizes  what  is 
known  about  musculoskeletal  problems  of  the  spine 
as  they  relate  to  the  HSG  environment.  This 


review  is  essential  in  completing  the  task  of  this 
working  group;  i.e.,  objectively  making  recommen¬ 
dations  on  defining  the  risk  of  a  lifetime  of  HSG 
exposure  on  the  spine. 

3.2  HISTORIML  BACKGROUND: 

3.2.1.  Case  Studies 

Flight  Surgeons  have  been  aware  of  spinal  systems 
and  injuries  caused  by  high  sustained  Gz  for  some 
time.  Phillips  (147)  reported  a  case  of  neurolog¬ 
ical  dysfunction  resulting  from  an  exposure  to  +9 
Gz  in  1959.  Awareness  of  a  potential  problem  has 
grown  as  high  performance  fighters  such  as  the  F- 
16  and  F-18  have  been  developed  and  become  opera¬ 
tional.  Recent  interest  began  with  a  case  report 
by  Andersen  describing  an  acute  neck  injury  sus¬ 
tained  by  a  flight  surgeon  while  flying  a  Norwe¬ 
gian  Air  Force  F-16B  (8).  The  Flight  surgeon  was 
in  the  rear  seat  and  had  been  in  control  of  the 
aircraft  for  10  minutes.  After  completing  a 
series  of  basic  aerobatic  maneuvers,  he  handed 
control  over  to  the  pilot  in  the  front  seat.  He 
then  relaxed  and  turned  his  head  maximally  to  the 
left  to  look  for  an  opponent  aircraft.  While  his 
head  was  in  this  position,  he  was  caught  complete¬ 
ly  unaware  by  a  sudden  8  G  climbing  turn.  After 
the  flight,  the  subject  experienced  nausea  and 
neck  pain.  Clinical  examination  revealed  local¬ 
ized  neck  pain  at  the  level  of  C5  and  C6,  a  hyper- 
mobile  head  and  cervical  column  and  cutaneous 
analgesia  corresponding  to  the  C7  dermatome. 
Radiological  examination  showed  a  separation  of 
the  spinous  processes  of  C5-6  and  equivocal  evi¬ 
dence  of  a  compression  fracture  of  C6.  Anti¬ 
inflammatory  drugs  and  physiotherapy  successfully 
treated  the  injury  although  the  cutaneous  anaes¬ 
thesia  took  a  month  to  resolve.  This  case  illus¬ 
trates  many  of  the  features  of  acute  neck  injuries 
occurring  in  flight. 

Schall  (169)  presented  eight  cases  of  acute  in 
flight  cervical  spine  injury  in  F-15  and  F-16 
fighters.  These  cases  included  a  compression 
fracture  of  C5,  a  compression  fracture  of  C7,  two 
cases  of  left  herniated  C5-6  nucleus  pulposus  (C5- 
6  HNP),  a  myofascial  pain  syndrome,  a  fracture  of 
the  C7  spinous  process  and  a  left  herniated  C6-7 
nucleus  pulposus.  The  first  compression  fracture 
occurred  during  a  9  G  pull  up  and  the  second  while 
turning  the  head  at  6.5  G.  The  interspinous 
ligament  injury  occurred  while  the  pilot  was 
checking  his  5  o'clock  position  over  his  right 
shoulder  at  4.5  to  5.5  G.  These  three  cases  were 
all  treated  conservatively  with  analgesia  and  neck 
collars  with  eventual  recovery  and  return  to 
flying  duties.  The  first  of  the  C5-6  HNPs 
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sented  as  the  onset  of  parathesia  down  the  left 
arm  at  G  levels  above  6  G.  The  second  was  associ¬ 
ated  with  moving  the  head  at  8.4  G.  Both  of  these 
cases  required  surgical  treatment.  The  spinous 
process  fracture  resulted  from  an  unexpected  5  G 
pull  while  looking  over  the  shoulder.  The  C6-7 
HNP  was  caused  by  an  unanticipated  9  G  exposure 
while  the  subject  was  checking  his  5  o'clock 
pxjsition.  This  case  also  required  surgical  treat¬ 
ment.  These  cases  reinforce  the  factors  identi¬ 
fied  by  Anderson  of  high  G,  head  movement  or 
rotated  head  position  and  unexpected  maneuvering 
as  causing  these  neck  injuries. 

Schall  (168)  has  reported  a  very  severe  neck 
injury  where  a  pilot  fractured  three  cervical 
vertebrae  and  suffered  tetraparesis  as  a  result. 
This  was  an  unusual  case  involving  a  canopy  impact 
in  an  F-4  during  a  negative  G  maneuver.  Other 
rare  effects  of  exposure  to  high  Gz  are  occasion¬ 
ally  reported  in  the  literature  including  a  case 
of  cervical  dystonia  (spasmodic  torticollis)  that 
required  treatment  with  botulinum  toxin  (38). 

3.2.2  Surveys  of  Acute  Meek  Pain 

Individual  injuries  such  as  those  described  above, 
along  with  the  appearance  of  aircraft  such  as  the 
F-16  and  F-18  which  are  capable  of  higher  onset 
rates  and  levels  of  sustained  Gz  than  previous 
fighters,  have  prompted  a  number  of  surveys  aimed 
at  gauging  the  extent  of  the  problem  of  neck 
injury  in  flight.  Knudson  et  a  I  (109)  reported 
the  results  of  a  comparative  study  between  F/A-18, 
A-7  and  A-4  Naval  pilots.  Sixty  percent  of  a 
total  of  148  aviators  reported  neck  pain  in 
flight.  When  the  individual  aircraft  were  consid¬ 
ered,  the  F/A-18  pilots  had  the  highest  incidence 
(74%),  while  the  lower  performance  aircraft  had 
lower  incidences  of  58%  and  30%  for  the  A-7  and 
the  A-4  respectively.  Clearly,  increasing  the 
capabilities  of  the  aircraft  increased  the  inci¬ 
dence  of  neck  pain. 

The  subjects  responding  to  the  questionnaire  in 
this  survey  were  asked  to  estimate  the  severity  of 
their  neck  pain  on  a  10  point  rating  scale.  The 
results  of  this  query  demonstrated  that  the  sever¬ 
ity  of  neck  pain  increases  with  increasing  Gz. 
The  most  common  head  position  when  neck  pain 
occurred  was  the  "check  six  position".  Of  37 
pilots  reporting  neck  injury  while  flying  the  F/A- 
18,  11  were  removed  from  flight  status  for  an 
average  of  3  days.  Periods  of  several  weeks  were 
required  for  recovery  in  some  cases.  This  survey 
points  to  the  high  prevalence  of  neck  injury  in 
the  high  Gz  environment.  Unfortunately,  it  is  not 
clear  what  time  period  is  covered.  Most  likely. 


the  participants  in  this  survey  were  reporting  on 
life  time  experiences.  The  authors  suggest  reduc¬ 
ing  helmet  weight  and  a  program  of  neck  strength¬ 
ening  exercises  should  help  reduce  the  number  of 
in  flight  neck  injuries. 

Vanderbeek  (191,  192)  undertook  a  similar  survey 
in  a  larger  sample  (437)  of  USAF  pilots  flying  the 
F-16,  F-15  and  F-5.  In  his  sample,  50.6%  stated 
they  had  some  type  of  acute  injury  in  the  preced¬ 
ing  3  months.  In  the  F-16  pilots,  the  incidence 
was  57.5%.  When  the  period  examined  was  extended 
to  a  year,  the  prevalence  for  the  three  aircraft 
types  increased  to  63.6%.  Statistical  analysis  of 
these  data  showed  a  significant  trend  in  frequency 
with  the  F-16  and  F-15  having  a  greater  frequency 
of  injury  than  the  F-5.  There  was  also  a  signifi¬ 
cant  trend  in  severity  of  injury  with  the  F-16 
pilots  suffering  more  severe  injuries  than  the  F- 

15  and  F-5  pilots.  This  survey  also  suggests  that 
older  pilots  are  more  at  risk  of  severe  injuries. 
This  group  of  pilots  again  commented  that  neck 
injuries  occurred  while  they  were  moving  their 
heads  under  G  or  looking  back  over  their  shoulders 
to  "check  six".  This  investigator  makes  a  number 
of  recommendations  for  coping  with  the  problem 
including  regular  neck  exercise  programs,  neck 
warm-up  exercises  prior  to  exposure  to  G,  a  gradu¬ 
al  return  to  the  high  G  environment  after  a  layoff 
and  minimizing  head  movement  under  G.  It  is  also 
suggested  that  head  support  devices  may  be  neces¬ 
sary  if  pilots  are  to  be  expected  to  function  in 
even  higher  G  environments. 

The  Air  Forces  of  other  NATO  nations  have  also 
been  concerned  with  the  appearance  of  neck  prob¬ 
lems.  When  the  Belgian  Air  Force  replaced  its  F- 
104s  with  F-16s  in  1977,  its  flight  surgeons  began 
to  encounter  cervical  spine  injuries.  In  an 
anonymous  questionnaire  survey  conducted  in  1984, 
13  out  of  a  sample  of  30  pilots  admitted  to  inci¬ 
dents  of  cervical  pain  in  flight  (21).  In  1988, 

16  out  of  30  pilots  responded  positively  to  this 
questionnaire.  Overall,  about  50%  of  the  pilots 
surveyed  complained  of  suffering  neck  injuries 
every  month,  20%  reported  suffering  weekly  in¬ 
juries  and  1  pilot  admitted  to  experiencing  neck 
pain  every  flight.  Two  of  the  30  pilots  sampled 
in  both  years  had  to  abort  their  missions  because 
of  neck  pain.  "Neck  symptoms"  usually  occurred  at 
7  Gz  or  greater.  The  pilots  surveyed  described  a 
variety  of  strategies  to  minimize  head  movement 
under  G  including  supporting  the  head  using  the 
left  hand.  In  10  years  of  F-16  flying,  a  total  of 
55,000  hours,  no  cases  of  "serious  structural 
damage"  to  the  neck  have  been  reported.  Concern 
over  this  problem  prompted  the  Belgian  Air  Force 
to  initiate  a  screening  program  in  1984  with 
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cervical  spine  radiography  repeated  every  5  years. 

The  controlled  environment  of  the  centrifuge  has 
been  used  to  investigate  cervical  spine  problems 
in  subjects  exposed  to  sustained  Gz.  Two  hundred 
thirty-eight  inexperienced  pilot  candidates  from 
the  German  Air  Force  Academy  (210)  completed 
anonymous  questionnaires  after  completing  centri¬ 
fuge  rides  up  to  8  Gz.  Musculoskeletal  problems 
were  reported  in  10%  of  the  subjects.  Only  minor 
cervical  symptoms  were  admitted  by  3.6%  of  the 
riders.  Obviously,  the  head  motions  of  these 
subjects  were  different  from  those  required  of 
ofjerational  pilots.  These  subjects  did  not  wear 
helmets;  another  factor  which  would  have  reduced 
the  cervical  spine  load  in  these  subjects. 

Hamalainen  studied  neck  pain  among  Finnish  mili¬ 
tary  pilots  (6).  This  author  also  sought  to 
establish  the  prevalence  of  neck  pain  in  fighter 
pilots.  Forty-eight  percent  of  360  military 
pilots  responding  to  the  questionnaire  admitted  to 
suffering  neck  pain  in  flight.  Neck  pain  usually 
occurred  when  performing  combat  maneuvers  at 
acceleration  levels  between  4  and  8  Gz.  The 
greatest  problem  occurred  in  pilots  flying  the 
Hawk  Mk  51.  Neck  pain  is  also  a  problem  in  the 
Swedish  Air  Force.  Forty-three  percent  of  a 
sample  of  39  fighter  pilots  admitted  to  suffering 
neck  pain  in  flight  at  least  once  a  month,  with 
some  pilots  experiencing  neck  pain  as  often  as 
once  a  week  (83). 

Neck  pain  in  flight  continues  to  be  a  problem. 
The  most  recent  survey  was  published  by  Yacavone 
and  Bason  (211)  who  reviewed  data  from  the  Naval 
Safety  Center  covering  the  years  1980  through 
1990,  looking  for  reported  cases  of  in-flight  neck 
injury  causing  at  least  one  day's  absence  from 
flying  duties.  They  found  only  12  reported  cases 
but  did  observe,  before  1990,  it  was  not  a  re¬ 
quirement  to  report  neck  symptoms  from  high  Gz 
exposure.  In  addition  to  covering  the  Naval 
Safety  Center  data,  these  authors  surveyed  flight 
surgeons  asking  them  to  unofficially  report  the 
number  of  cases  of  G  related  neck  injury  seen 
during  a  90  day  period.  They  found  a  period 
prevalence  of  6.7%  over  the  90  day  period  equiva¬ 
lent  to  a  prevalence  of  26.8%  per  year.  These 
rates  are  much  lower  than  reported  by  other  au¬ 
thors,  mostly  because  only  those  cases  reported  to 
the  flight  surgeon  were  counted.  Yacavone  and 
Bason  (211)  also  suggest  the  USN  benefited  from 
the  earlier  experience  of  the  USAF  and  was  able  to 
implement  preventative  measures  when  they  intro¬ 
duced  the  F/A-18  and  F-16.  These  measures  includ¬ 
ed  a  lighter  weight  helmet  and  physical  condition¬ 
ing  programs.  Naval  aviators,  as  a  captive  popu¬ 


lation  for  long  periods  of  time  on  aircraft  carri¬ 
ers  at  sea,  may  have  better  compliance  with  physi¬ 
cal  conditioning  programs  when  compared  to  USAF 
pilots.  Host  likely  the  low  incidence  seen  in 
this  study  reflects  the  general  reluctance  of 
pilots  to  report  medical  problems  unless  they  are 
interfering  seriously  with  the  pilots'  functioning 
in  the  cockpit. 

3.2.3  Chronic  Health  Effects  of  HSG 

The  published  cases  of  major  neck  injury  and  the 
high  prevalence  of  neck  pain  in  flight  raise  the 
question  of  long-term  effects  on  the  musculoskele¬ 
tal  system  of  exposure  to  high  Gz  forces.  Several 
attempts  have  been  made  to  investigate  this  ques¬ 
tion.  An  early  effort  to  identify  long  term 
sequelae  of  high  G  exposure,  surveyed  USAF  waiver 
files  for  the  two  years  from  1  Jan  1980  through  1 
Jan  1982,  looking  at  27  specific  disease  catego¬ 
ries  divided  into  4  major  organ  groups  thought  to 
be  affected  by  G  exposure  (126).  Pilots  flying 
tanker,  transport  and  bomber  aircraft  served  as 
the  control  group  for  this  study.  The  only  sig¬ 
nificant  difference  found  between  the  two  groups 
was  for  vertebral  fractures  which,  on  detailed 
analysis,  were  related  to  ejection  and  not  G 
exposure.  The  author  of  this  study  does  comment 
that  experience  of  high  performance  aircraft  was 
limited  at  the  time  of  the  study  and  a  long  term 
prospective  study  was  essential  to  investigate  the 
question  of  chronic  effects  of  high  G  exposure. 

A  more  recent  study  (65)  examined  a  group  of  31 
pilots  with  ages  ranging  from  23  to  55  years  and 
high  performance  fighter  experience  ranging  from 
240  to  7,200  hours.  A  combination  of  clinical  and 
radiographic  methods  was  used  to  compare  the  pilot 
group  to  a  group  of  age  and  sex  matched  controls 
who  were  not  pilots.  Seventy-one  percent  of  the 
pilots  related  in-flight  neck  pain  experiences  of 
varying  frequencies  occurring  under  similar  cir¬ 
cumstances  to  those  described  in  the  studies 
above.  The  only  clinically  detectable  difference 
between  the  pilots  and  the  control  group  was  in 
neck  range  of  motion,  with  pilots  in  the  age  group 
30-39  years  showing  significantly  reduced  lateral 
neck  flexion.  Radiography  of  the  cervical  spine 
was  used  to  examine  vertebral  body  heights,  para¬ 
vertebral  soft  tissue,  degree  of  lordosis,  osteo- 
phytic  spurring  and  intervertebral  disc  narrowing. 
Of  these  parameters,  there  were  significant  dif¬ 
ferences  in  the  degree  of  osteophytic  spurring  at 
C5  and  C6  between  pilots  and  controls  in  the  age 
group  30-39  years  and  smaller  but  still  signifi¬ 
cant  differences  in  the  age  group  40-55  years. 
Disc  space  narrowing  was  significantly  greater  in 
the  pilot  group  in  all  age  groups.  The  authors  of 
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this  paper  conclude  that  pilots  do  suffer  an 
increased  rate  of  degenerative  change  in  the 
cervical  spine  compared  to  controls. 

The  study  above  suffered  from  a  number  of  prob¬ 
lems.  The  first  of  these  was  the  control  group  at 
all  ages  was  smaller  than  the  subject  group.  In 
the  age  range  20-29  years,  there  was  only  one 
control  subject  making  coonparison  impossible.  To 
make  up  for  this,  a  published  study  of  radiograph¬ 
ic  findings  in  a  large  group  of  asymptomatic 
subjects  was  used  as  a  control  group  for  the 
radiography,  although  the  paper  is  not  always 
clear  whether  the  selected  or  the  published  con¬ 
trol  group  was  being  used  with  some  of  the  com¬ 
parisons.  Five  of  the  subjects  in  this  survey  had 
been  involved  in  an  aircraft  mishap  involving 
either  an  ejection  or  forced  landing.  These 
subjects  were  not  excluded  from  the  analysis.  The 
forces  encountered  during  accidents  and  ejections 
apply  substantial  loads  to  all  levels  of  the  spine 
and  have  a  known  potential  for  spinal  injury, 
possibly  confounding  attempts  to  isolate  high  Gz 
as  a  source  of  injury.  If  these  subjects  had  been 
excluded,  it  is  possible  that  some  of  the  statis¬ 
tics  might  no  longer  be  significant.  The  other 
major  problem  with  the  above  investigation  is  the 
interpretation  of  the  radiographic  images.  Decid¬ 
ing  whether  a  disc  space  is  narrowed  or  there  is 
significant  osteophyte  formation  calls  for  a 
subjective  judgment  on  the  p>art  of  the  radiologist 
interpreting  the  images.  In  Gillen  and  Raymond's 
study  (65),  two  radiologists  differed  in  their 
interpretation  in  up  to  8%  of  the  films.  The 
paper  does  not  indicate  how  these  differences  were 
resolved. 

The  only  other  published  study  that  has  investi¬ 
gated  chronic  damage  to  the  cervical  spine  in 
pilots  was  published  in  1993  by  Hamalainen  et  al 
(80).  This  study  investigated  a  group  of  12 
senior  fighter  pilots  from  the  Finnish  Air  Force 
with  ages  ranging  from  35  to  37.  They  were  se¬ 
lected  because  their  Gz  exposures  were  the  highest 
among  Finnish  Air  Force  personnel  in  the  decade 
preceding  the  study.  The  pilots  were  compared  to 
an  age  matched  control  group  of  12  Finnish  Air 
Force  ground  personnel.  Questionnaires  estab¬ 
lished  that  the  control  group  had  similar  smoking 
and  exercise  habits.  Both  groups  had  similar 
histories  of  non-flight  related  neck  pain  over  the 
previous  12  months.  Low  field  Magnetic  Resonance 
(MR)  was  used  to  produce  sagittal  sections  through 
the  cervical  spine.  Disc  degeneration  was  classi¬ 
fied  as  grades  1-6  depending  on  the  degree  of 
posterior  nuclear  extension.  Overall,  the  median 
level  of  disc  degeneration  (grade  2)  was  signifi¬ 
cantly  greater  for  the  pilots  than  the  control 


group  (grade  1).  When  the  individual  discs  were 
examined,  88%  pilots  had  degeneration  (grades  1  to 
6)  at  the  C3-4  level  compared  to  64%  of  the  con¬ 
trols.  There  were  no  differences  at  any  other 
level.  When  the  degree  of  disc  degeneration  was 
subdivided  into  mild  (grades  1  and  2),  moderate 
(grades  3  and  4)  and  severe  (grades  5  and  6), 
there  was  again  a  significant  difference  between 
pilots  and  controls  at  the  C3-4  disc  (pilots  88%, 
controls  36%).  There  were  insufficient  severe 
cases  for  statistical  analysis  and  no  differences 
in  the  mild  category.  Two  researchers  examined 
the  MR  images  together  and  reached  a  consensus  on 
grading  of  disc  degeneration.  The  order  of  the 
f i Ims  was  changed  and  the  two  researchers  read 
them  again  a  few  hours  later.  The  Pearson's 
coefficient  of  correlation  between  the  two  read¬ 
ings  of  0.69  was  considered  good;  thus  suggesting 
that  exposure  to  high  Gz  can  cause  degeneration  of 
the  intervertebral  disc.  However,  the  paper  does 
not  indicate  which  of  the  two  readings  was  used 
for  subsequent  analysis. 

3.2.4  Lurioar  Spine 

At  present,  researchers  concerned  with  the  effect 
of  high  Gz  forces  on  the  spine  have  focused  on  the 
cervical  spine,  largely  because  of  the  high  preva¬ 
lence  of  in  flight  neck  pain  and  the  published 
case  studies  of  major  neck  injuries  occurring  in 
flight.  The  rest  of  the  spine  has  been  neglected 
except  for  the  problem  of  ejection.  High  Gz  can 
injure  the  lower  back.  Two  cases  of  ruptured 
intervertebral  discs  in  the  lower  back  were  re¬ 
ported  by  Shaw  in  1948  (178).  The  first  of  these 
occurred  in  a  P-38  that  executed  an  emergency  9  G 
pull  up  to  avoid  ground  collision.  The  subject 
experienced  acute  back  pain  on  getting  out  of  the 
aircraft  and  developed  the  symptoms  and  signs  of  a 
herniated  L4-5  disc,  later  confirmed  with  a  myelo¬ 
gram  and  at  surgery.  The  other  case  was  of  a 
civilian  test  pilot  who  experienced  an  acute  onset 
of  low  back  pain  at  5  G  in  an  F-4  F.  He  too 
developed  the  signs  and  symptoms  of  a  ruptured 
intervertebral  disc,  but,  as  he  was  treated  con¬ 
servatively,  the  diagnosis  was  never  confirmed. 
In  both  of  these  cases,  the  subjects  were  in  a 
flexed  position  during  the  high  G  and  this  posi¬ 
tion  was  considered  instrumental  in  producing  the 
injuries. 

Harms-Ringdahl  et  al  (83)  asked  about  the  occur¬ 
rence  of  back  fjain  along  with  questions  about  neck 
pain  in  their  study  published  in  1991.  They 
report  26  %  of  their  sample  of  Swedish  Air  Force 
fighter  pilots  suffered  low  back  pain  in  flight. 
Voge  and  Tolan  (195)  investigated  the  occurrence 
of  back-pain  among  a  group  of  20  centrifuge  sub- 
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jects  who  had  regularly  ridden  at  levels  up  to  9 
G.  They  compared  this  group  with  20  similar 
research  subjects  who  did  not  participate  in 
centrifuge  experiments.  There  was  a  lower  inci¬ 
dence  of  back  problems  in  the  centrifuge  group. 
It  is  possible  that  this  observation  is  a  result 
of  the  selection  procedures  for  the  centrifuge 
panel.  Subjects  with  a  previous  history  of  back 
problems  are  carefully  excluded  from  the  panel. 
In  order  to  study  a  larger  group  of  subjects, 
these  authors  investigated  the  disability  rates 
for  all  separating  or  retiring  USAF  Air  Force 
Officers  for  the  years  1972  through  1991.  They 
were  unable  to  find  any  differences  between  non- 
rated  officers;  tanker,  transport  and  bomber  rated 
officers;  and  high  performance  fighter  rated 
officers.  In  fact,  the  disability  rate  for  both 
types  of  rated  officers  decreased  after  1985 
compared  to  the  non-rated  officers.  This  study 
did  not  support  the  hypothesis  that  exposure  to 
high  G  causes  back  problems.  These  authors  recom¬ 
mend  a  prospective  study  of  all  rated  officers  be 
conducted  and  the  separation  physical  examination 
include  a  detailed  back  history  and  examination. 

The  cervical  spine  should  not  remain  the  exclusive 
focus  of  investigations  of  the  effect  of  high  Gz 
on  the  spine.  High  G  forces  may  accelerate  the 
normal  degeneration  process  at  all  levels.  One  of 
the  problems  in  investigating  the  lumbar  region  is 
that  back  problems  are  extremely  common  in  the 
general  population.  A  subject  group  of  20000  or 
greater  may  be  needed  if  the  effect  of  high  G  on 
the  lower  back  is  to  be  separated  from  other 
sources  of  back  problems  (194).  The  ability  of 
high  G  forces  to  injure  the  neck  is  evidenced  by 
the  high  incidence  of  neck  pain  in  flight  shown  in 
existing  studies.  There  have  been  only  three 
published  attempts  to  investigate  the  long  term 
effects  of  high  G  on  the  cervical  spine.  These 
investigations  have  illustrated  the  many  problems 
of  research  in  this  area.  Nonetheless,  these 
studies  do  suggest  that  high  G  forces  do  promote 
degeneration  of  cervical  spine  structures  beyond 
that  normally  associated  with  aging. 

3.3  RISK  FACTORS  FOR  LUMBAR  SPINE  DISORDERS 

Back  injury  or  pain  is  extremely  common  in  indus¬ 
trial  populations.  For  example,  in  the  United 
States,  it  is  the  fourth  most  common  complaint 
among  adults  with  acute  symptoms  (114),  makes  up 
about  20  percent  of  all  occupational  injuries 
(129),  is  the  leading  cause  of  disability  in  those 
under  45  years  of  age  and  the  third  major  cause  of 
disability  in  general  (exceeded  only  by  heart 
disease  and  arthritis)  (68,  123,  133).  Most 
injuries  are  minor  (sprains  and  strains)  and 


patients  recover  within  one  month  (15,  19,  31), 
but  recurrences  are  common  in  that  up  to  70%  of 
those  affected  will  experience  at  least  one  recur¬ 
rence  (1,  148,  204).  Men  and  women  seem  to  be 
affected  equally  as  are  white  collar  workers  and 
laborers,  although  these  issues  are  controversial 
(31,  61,  129,  131,  204,  215).  Low  back  pain  is 
most  frequent  between  35  and  45  years  of  age  (31, 
55,  129,  215).  Sixty  percent  of  retired  workers 
reported  having  experienced  low  back  pain  in  the 
workplace  (before  retiring)  of  sufficient  severity 
to  seek  medical  attention  (164).  Low  back  pain  is 
frequently  the  most  expensive  item  in  total  over¬ 
all  disability  compensation  poyments  (165).  Some 
authors  estimate  that  70-90%  of  all  individuals 
will  eventually  suffer  back  problems  of  some  sort 
(31,  61,  129,  204).  The  prevalence  of  back  prob¬ 
lems  increases  with  age  and  also  seems  to  have  a 
relationship  to  an  individual's  activities  and 
occupations.  The  majority  of  acute  back  pain 
sufferers  have  no  related  lesion  demonstrable  on 
(positive  in  as  few  as  1%)  radiological  examina¬ 
tions  or  with  sophisticated  clinical  tests  (61, 
134). 

A  clear  understanding  of  the  causes  of  back  and 
neck  problems  remains  elusive.  The  problem  is 
difficult  clinically,  as  structural  causes  of  back 
and  neck  pain  are  not  often  identified  in  these 
patients,  while  extensive  degeneration  is  often 
found  in  asymptomatic  people. 

The  economic  consequences  of  spine  problems  have 
prompted  a  considerable  research  effort  into  the 
etiology  and  biomechanics  of  musculoskeletal 
disorders  of  the  spine  aimed  at  preventing  work¬ 
place  injuries  and  improving  treatment. 

Hildebrandt  (89)  has  reviewed  the  published  liter¬ 
ature  and  identified  risk  indicators  for  low  back 
pain  that  appear  consistently  in  published  sur¬ 
veys.  This  author  found  24  work-related  factors 
which  were  regarded  as  risk  factors  for  low  back 
pain.  Of  these,  8  could  be  considered  as  general¬ 
ly  accepted  (in  that  they  were  mentioned  by  at 
least  three  sources).  These  were:  heavy  physical 
work,  static  work  load,  prolonged  sitting,  dynamic 
work  load,  heavy  manual  handling,  heavy  or  fre¬ 
quent  lifting,  trunk  rotating,  pushing/pulling  and 
vibration.  There  were  55  individual  factors 
mentioned  by  at  least  one  of  the  sources.  Hilde¬ 
brandt  reduced  these  to  six  generally  accepted 
risk  factors;  1)  constitutional:  age,  relative 
muscle  strength,  physical  fitness;  2)  medical: 
previous  back  complaints,  unspecified  psycho¬ 
social  factors;  and  3)  other:  work  experience. 
Aviators  are  exposed  to  a  limited  number  of  the 
risk  factors  cited  by  Hildebrandt  (89).  The  most 
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important  of  these  relate  to  prolonged  sitting. 
Riihimaki  (157)  reviewed  these  generally  accepted 
risk  factors  in  more  detail.  Of  interest  to  the 
aviation  community  is  motor  vehicle  driving  is 
positively  associated  with  low  back  pain,  sciatic 
pain  and  herniated  intervertebral  discs.  Whole 
body  vibration  in  the  seated  position  may  be 
responsible.  Although  the  forces  and  vibrations 
experienced  in  high  performance  aircraft  differ 
from  those  seen  in  motor  vehicles,  there  is  a 
possibility  they  may  be  increasing  the  risk  of  low 
back  pain  in  pilots.  In  vivo  pressure  measure¬ 
ments  of  disc  pressure  (131)  have  demonstrated  the 
load  on  the  intervertebral  discs  is  greatest  in 
the  seated  position.  Tilting  the  seat  back, 
providing  lumbar  support,  and  the  use  of  arm  rests 
reduce  these  pressures.  Fighter  pilots  sit  on  an 
ejection  seat  which  provides  minimal  lumbar  sup¬ 
port,  and  with  the  exception  of  the  F-16,  have 
seatback  angles  close  to  the  vertical.  The  lumbar 
and  thoracic  spinal  structures  are  required  to 
support  the  loads  imposed  by  high  G  in  postures 
that  are  not  optimal.  Our  current  knowledge  of 
the  etiology  and  biomechanics  of  low  back  pain 
suggest  pilots  of  high  performance  jets  have 
increased  risk  of  low  back  disorders. 

3.4  RISK  FACTORS  FOR  CERVICAL  SPINE  DISORDERS 

Although  musculoskeletal  problems  of  the  neck  are 
common,  there  is  less  published  information  on  the 
etiology  of  these  disorders.  Kelsy  et  al  (108) 
found,  other  than  age  and  sex,  the  most  important 
risk  factors  for  prolapsed  cervical  disc  were 
cigarette  smoking,  frequent  diving  from  a  board 
and  lifting  heavy  objects.  Driving  or  riding  in 
automobiles,  operating  vibrating  equipment  and 
possibly  playing  golf  were  associated  with  an 
elevated  risk,  but  these  risks  were  not  statisti¬ 
cally  significant.  The  most  frequently  prolapsed 
cervical  discs  were  C5-6  and  C6-7.  Hagberg  (73) 
was  able  to  find  only  a  few  reports  on  the  preva¬ 
lence  of  degenerative  changes  of  the  cervical 
spine  in  different  occupational  groups  and  con¬ 
cluded  that  occupational  stress  as  a  factor  in 
degenerative  joint  disease  remains  obscure.  He 
goes  on  to  suggest  there  is  strong  support  in  the 
literature  that  occupational  muscle  stress  may 
cause  disorders  of  the  neck  and  shoulder.  The 
stresses  associated  with  constrained  working 
postures  and  repetitive  arm  movements  are  potent 
causes  of  neck  and  shoulder  disorders.  In  a  later 
article,  Hagberg  and  Wegman  (74)  reviewed  the 
literature  hoping  to  establish  the  association  and 
impact  of  occupational  exposures  on  diseases  of 
the  shoulder  and  neck.  These  authors  were  ham¬ 
pered  by  the  lack  of  detailed  job  descriptions  in 
many  of  the  articles  they  considered.  Meat  carri¬ 


ers,  dentists,  miners  and  heavy  workers  had  higher 
risks  for  the  development  of  cervical  spondylosis 
(degenerative  disease  of  the  cervical  spine  gener¬ 
ally  diagnosed  from  radiological  changes).  The 
fact  that  meat  workers  partially  carried  their 
loads  on  their  heads  and  miners'  neck  loads  were 
increased  through  wearing  helmets,  were  considered 
to  support  the  hypothesis  that  cervical  spondylo¬ 
sis  is  caused  by  high  loads  on  the  spine.  Den¬ 
tists  are  frequently  required  to  hold  their  heads 
in  extreme  positions  which  may  increase  their 
cervical  spine  loads.  Civil  servants  were  found 
to  have  increased  risks  of  cervical  disc  disease 
which  was  hypothesized  to  occur  because  their  work 
postures  required  extreme  forward  flexed  positions 
of  the  cervical  spine.  Tension  neck  syndrome 
(neck  stiffness  because  of  fatigue,  with  neck  pain 
or  headache)  occurred  frequently  in  keyboard 
operators.  Hagberg  (73)  postulates  extended 
periods  of  static  contraction  of  the  neck  and 
shoulder  muscles  may  be  responsible  for  this 
syndrome. 

The  high  prevalence  of  in-flight  neck  pain  and  the 
case  studies  linking  neck  Injuries  to  in-flight 
forces  imply  that  the  cervical  spine  injuries  seen 
in  pilots  may  represent  a  unique  occupational  risk 
having  little  in  common  with  other  occupational 
groups.  Hamalainen  et  al  (80)  attempted  to  find 
determinants  of  Gz  related  neck  pain  by  following 
a  cohort  of  27  male  fighter  pilots.  The  only 
individual  characteristic  having  a  relationship  to 
in-flight  neck  pain  was  the  frequency  of  muscle 
endurance  training.  The  other  factors  (strenuous¬ 
ness  of  work,  job  satisfaction,  psychological 
distress,  smoking  habits  and  anthropometric  meas¬ 
urements)  had  no  correlation  with  in-flight  neck 
pain.  The  ability  of  African  laborers  to  carry 
loads  of  200  lb  (90  kg)  on  their  heads  demon¬ 
strates  that  the  cervical  spine  is  capable  of 
carrying  very  high  loads  as  studied  by  Scher 
(170).  Carrying  these  loads  does  not  seem  to 
predispose  these  workers  to  premature  osteo-ar- 
throsis  of  the  cervical  spine.  Assuming  the  head 
and  helmet  weigh  6  kg,  the  static  load  carried  by 
the  cervical  spine  at  8  G  would  be  48  kg  (76); 
while  at  9  G,  it  would  be  54  kg,  well  within  the 
load  carrying  capabilities  of  Scher's  laborers. 

3.5  METHODS  FOR  INVESTIGATING  HEALTH  EFFECTS  OF 
HSG 

The  reports  in  the  literature  to  date  leave  no 
doubt  about  the  ability  of  high  Gz  to  cause  neck 
pain.  The  few  reports  relating  such  acute  insult 
to  long  term,  chronic  degeneration  of  the  spine 
are  suggestive,  but  not  conclusive.  There  is  a 
clear  need  for  continued  research  on:  1)  acute 
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injuries  in  flight  and  2)  the  potential  long  term 
consequences  of  exposure  to  high  Gz.  The  most 
urgent  need  is  to  establish  whether  or  not  spinal 
degeneration  is  accelerated  in  pilots  exposed  to 
high  Gz.  There  are  two  basic  approaches  to  inves¬ 
tigate  this  relationship.  The  first  is  by  cross- 
sectional  studies  of  the  type  which  have  already 
been  reported.  They  have  established  the  preva¬ 
lence  of  neck  symptoms  in-flight.  They  are  less 
successful  in  establishing  the  chronic  effects  of 
Gz  exposure.  The  investigations  reviewed  before 
in  this  chapter,  demonstrate  many  of  the  problems. 
When  existing  records,  such  as  waiver  files  or 
exit  medicals,  are  used  as  a  data  source,  they  may 
be  subject  to  considerable  underreporting.  The 
exit  medical  examination  is  a  very  general  medical 
examination  conducted  by  many  different  doctors 
without  specific  instructions  to  assess  the  cervi¬ 
cal  and  lumbar  spine.  These  medical  examinations 
will  only  find  obvious  deficiencies  and,  to  a 
researcher,  suffer  from  a  lack  of  standardization 
in  the  clinical  assessment.  Waiver  files  underre¬ 
port  the  incidence  of  spinal  problems  because 
there  has  not  been  a  requirement  for  flight  sur¬ 
geons  to  report  such  problems.  Until  there  is  a 
severe  problem,  aircrew  do  not  usually  report  to 
the  flight  surgeon.  This  type  of  study  should 
continue,  but  can  only  be  successful  if  individual 
flight  surgeons  are  required  to  examine  the  neck 
and  back  in  detail,  and  if  guidelines  are  issued 
standardizing  the  clinical  examination  of  the  neck 
and  back.  The  standard  doctor's  office  clinical 
examination  is  a  very  insensitive  method  for 
detecting  degeneration  of  the  spine  and,  unless 
particular  care  is  taken,  does  not  assess  function 
accurately. 

Imaging  of  the  spine  is  a  more  sensitive  method  of 
detecting  degenerative  changes,  but  also  suffers 
from  many  technical  problems.  If  a  cross- 
sectional  study  is  carried  out  using  radiography, 
the  subjects  are  exposed  to  an  unnecessary  x-ray 
dose.  When  x-rays  are  not  used  for  treatment  and 
diagnosis,  ethical  problems  arise.  Magnetic 
Resonance  (HR)  scans  are  not  considered  to  have 
any  adverse  health  effects  and  are  the  imaging 
modality  of  choice  for  studies  of  the  type  dis¬ 
cussed  earlier.  Unfortunately,  while  they  demon¬ 
strate  soft  tissues,  such  as  the  intervertebral 
disc,  bone  is  not  imaged  as  well.  The  changes 
associated  with  degeneration  of  the  spine  require 
human  interpretation  of  the  images.  Such  inter¬ 
pretation  is  subjective  and  there  are  often  disa¬ 
greements  when  different  individuals  report  on  the 
same  image.  While  certain  changes  seen  radio¬ 
graphically  are  accepted  as  associated  with  degen¬ 
eration  of  the  spine,  there  is  little  correlation 
between  radiographic  findings  and  clinical  find¬ 


ings.  These  issues  are  discussed  in  more  detail 
in  the  section  on  imaging.  The  studies  claiming 
to  have  shown  degenerative  changes  in  the  cervical 
spines  of  pilots  exposed  to  high  Gz  used  imaging 
methods,  and  indicate  that  these  methods  should  be 
part  of  the  investigation  of  the  chronic  effects 
of  high  Gz  on  the  spine. 

A  cross-sectional  study  needs  to  compare  the 
subject  group  to  a  control  group  in  order  to 
establish  the  significance  of  experimental  find¬ 
ings.  Selection  of  good  control  groups  is  ex¬ 
tremely  difficult.  The  studies  on  the  prevalence 
of  in-flight  neck  pain  have  compared  pilots  of 
aircraft  of  differing  performance  and  have  suc¬ 
cessfully  demonstrated  an  effect  of  aircraft 
performance.  In  other  studies,  ground  crew  have 
been  used  as  control  groups.  Although  ground  crew 
are  not  exposed  to  high  Gz  forces,  a  better  con¬ 
trol  group  would  be  another  pilot  group  that  is 
not  exposed  to  high  Gz.  The  studies  using  tanker, 
bomber  and  transport  pilots  as  a  control  group 
have  failed  to  detect  differences  between  this 
group  and  pilots  of  high  performance  aircraft.  A 
low  G  group  of  subjects  remains  the  ideal  control 
group  for  comparison  with  pilots  of  high  perform¬ 
ance  aircraft. 

The  ideal  method  of  investigation  is  the  longitu¬ 
dinal  study.  Voge  and  Tolan  (195)  concluded  that 
a  prospective  study  was  the  best  way  to  identify 
chronic  back  problems  induced  by  Gz.  The  problem 
with  such  studies  is  they  take  a  long  time  to 
yield  results,  especially  with  the  type  of  problem 
dealt  with  in  this  section,  which  takes  years  to 
develop.  There  can  be  a  high  attrition  rate  among 
the  members  of  the  study  and  control  groups, 
reducing  the  significance  of  the  final  results. 
The  long  term  involvement  of  the  investigators  in 
longitudinal  studies  is  expensive  and  the  delay  in 
producing  usable  results  delays  the  introduction 
of  remedial  measures.  However,  when  measures  are 
introduced  to  combat  the  chronic  effects  of  high 
Gz  on  pilots,  a  prospective  study  is  the  best 
method  of  measuring  treatment  effectiveness. 

There  are  other  methods  of  obtaining  data  regard¬ 
ing  degeneration  of  the  spine.  Pilots  killed  in 
aircraft  accidents  offer  a  unique  opportunity  to 
obtain  information  not  available  by  other  means. 
Dissection  of  the  intervertebral  discs,  vertebral 
bodies,  and  spinal  ligaments  would  enable  changes 
in  structure  and  biochemistry  to  be  investigated. 
The  numbers  involved  are  small  but  offer  a  unique 
source  of  information.  To  obtain  this  type  of 
information,  pathologists  conducting  post  mortems 
would  have  to  be  instructed  to  collect  the  neces¬ 
sary  material  and  establish  a  test  protocol  to 
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include  detailed  neuropatho logical  review. 

Physiological  studies  of  neck  function  in  flight 
have  yielded  useful  information.  Electromyography 
(EMG)  can  be  used  to  measure  muscle  performance  in 
flight.  Hamalainen  and  Vanharanta  (78)  used  this 
technique  to  measure  the  activity  of  the  cervical 
erector  spinae  with  the  head  in  different  posi¬ 
tions  at  various  Gz  levels.  He  found  some  indi¬ 
viduals  reached  100%  of  maximal  voluntary  effort 
with  the  head  rotated  at  4  G.  Hamalainen  (77) 
also  used  this  technique  to  measure  the  effect  of 
different  helmet  weights  on  the  cervical  erector 
spinae  at  different  Gz  levels.  Although  he  only 
used  two  subjects  in  this  study,  he  was  able  to 
demonstrate  wearing  a  lighter  helmet  did  produce 
lower  neck  forces  at  high  Gz  levels.  Linder  et  a I 
(115)  have  also  reported  using  EMG  in  flight. 
Studies  of  this  type  using  larger  numbers  of 
subjects  could  produce  useful  information  on  the 
physiology  of  neck  function  at  high  G  levels  that 
could  validate  the  muscle  tensions  predicted  by 
mathematical  models  and  in  turn  serve  as  a  useful 
input  to  those  models. 

The  occurrence  of  neck  pain  in  flight  is  well 
established.  The  functional  significance  of  in¬ 
flight  neck  pain  is  not.  Finding  a  reliable 
objective  method  of  functional  assessment  of  the 
spine  is  extremely  difficult.  A  variety  of  tech¬ 
niques  have  been  used  in  the  past  to  measure  range 
of  motion  of  the  neck  including  radiography, 
cineradiography  and  photography.  The  standard 
clinical  method  to  assess  joint  motion  is  a  pro¬ 
tractor  (known  as  goniometry).  The  use  of  goniom- 
etry  for  measuring  head  motion  has  been  reviewed 
by  Defibaugh  (48).  He  proposed  a  pendulum  goniom¬ 
eter  attached  to  a  mouth  piece  as  a  reliable 
device  to  measure  head  motion  in  all  three  planes. 
A  more  recent  method  found  to  correlate  well  with 
measurements  made  using  cineradiography  was  re¬ 
ported  by  Alund  and  Larsson  (7).  This  method 
consisted  of  a  number  of  electronic  goniometers 
built  into  a  system  of  rods  attached  to  the  top  of 
the  head  at  one  end  and  to  a  point  near  the  shoul¬ 
der  at  the  other.  With  the  torso  restrained,  this 
apparatus  was  able  to  produce  reliable  three 
dimensional  measurements  of  joint  motion.  These 
authors  make  the  point  that  neck  injuries  are 
often  associated  with  impaired  function  rather 
than  detectable  morphologic  lesions  and  that 
precise  objective  assessment  of  the  neck  is  impor¬ 
tant  to  record  initial  impairment  and  track  recov¬ 
ery.  Marras  et  al  (121)  have  added  velocity  and 
acceleration  to  the  range  of  motion  measurements 
taken  from  patients  with  low  back  disorders.  They 
found  velocity  and  acceleration  were  more  sensi¬ 
tive  indices  of  functional  capacity,  with  acceler¬ 


ation  the  most  sensitive.  This  approach  might  be 
useful  in  the  neck.  Range  of  motion  is  only  one 
aspect  of  spine  function.  Muscle  strength  meas¬ 
urements  are  also  useful  measurements.  Isometric 
extension  strength  has  been  shown  to  be  a  reliable 
measurement  in  both  the  cervical  spine  and  lumbar 
spine  (69,  113).  When  these  measurements  are 
taken  over  the  full  range  of  motion  of  the  neck  or 
lumbar  spine,  the  graph  of  strength  against  exten¬ 
sion  should  be  linear.  Deviations  from  linearity 
are  usually  associated  with  functional  abnormali¬ 
ties.  Isometric  extension  strength  has  been  used 
by  these  authors  to  track  recovery  from  spinal 
injuries.  Harms-Ringdahl  et  al  (83)  found  neck 
mobility  and  strength  did  not  correlate  with  neck 
pain  originating  in-flight  while  neck  flexor  and 
extensor  endurance  did.  Testing  with  sustained 
low  neck  muscle  resistance  or  maintained  rotated 
neck  positions  frequently  provoked  neck  pain  in 
those  pilots  reporting  in-flight  neck  pain  as  a 
weekly  occurrence.  Very  little  information  apart 
from  this  report  is  available  on  the  functional 
significance  of  in-flight  neck  pain.  Research  in 
this  area  is  hampered  by  a  lack  of  techniques  for 
functional  assessment  of  the  neck.  This  area 
needs  more  effort,  firstly  to  identify  suitable 
measurement  techniques  and  secondly  to  collect 
data  on  pilots  with  neck  pain. 

3.6  TREATMENT  AND  PREVENTION  OF  INJURIES  ARISING 
FROM  HSG: 

3.6.1  Limit  High  G  Exposure  Tine: 

Knowing  that  high  Gz  can  cause  chronic  health 
problems  is  important  but  must  lead  to  methods  for 
reducing  these  effects.  The  most  obvious  method 
is  to  reduce  the  total  lifetime  exposure  to  high 
Gz  forces  by  allowing  pilots  to  fly  only  a  limited 
number  of  tours  on  high  performance  aircraft. 
This  approach  has  disadvantages.  It  does  not 
allow  the  armed  services  to  fully  amortize  their 
investment  in  training  and  will  not  eliminate 
acute  in-flight  neck  pain.  Those  pilots  who 
succeed  in  training  to  fly  high  performance  air¬ 
craft  have  immense  pride  in  their  achievement  and 
are  likely  to  resist  moves  to  limit  their  flying 
time.  Ideally,  techniques  that  prevent  spine 
injury  should  be  devised  that  allow  pilots  to 
continue  to  fly  a  full  career  on  high  performance 
ai rcraft. 

3.6.2  Pilot  Selection 

There  are  a  limited  number  of  approaches  to  this 
problem.  The  earliest  point  of  intervention  is 
before  training  starts,  by  screening  out  individu¬ 
als  with  existing  abnormalities  and  a  predisposi- 
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tion  to  degenerative  changes  in  the  spine. 

History  is  the  key.  Full  neurological  as  well  as 
past  spinal,  social,  and  family  histories  are  as 
good  a  screening  tool  as  any  other  examination  yet 
introduced  at  a  fraction  of  the  cost,  particularly 
if  attention  is  plied  to  the  risk  factors  spelled 
out  in  Table  3-1. 

Caution  has  to  be  exercised  in  applying  brute 
technology  to  selection.  Individual  prognosis  and 
routine  screening  have  a  poor  track  record.  Care¬ 
ful  surveillance  of  existing  aircrew,  the  results 
of  which  are  published  and  practical  exposure  to 
and  familiarity  with  present  and  future  operation¬ 
al  realities  among  medical  members  of  selection 
panels  will  remain  the  most  certain  assurance  of 
successful  aircrew  selection. 

Kazarian  and  Belk  (104)  proposed  standards  for 
acceptance  of  candidates  for  aircrew  training 
based  on  biomechanical  investigations.  They  list 
a  number  of  conditions  visible  radiographically 
that  should  disqualify  prospective  trainees. 
Their  main  concern  was  that  certain  disorders  of 
the  spine  would  be  aggravated  by  ejection  and 
exposure  to  high  Gz.  The  Norwegian  Air  Force  has 
instigated  a  program  of  radiological  spine  screen¬ 
ing  in  aircrew  trainee  applicants.  They  found  on 
average  2.27  diagnoses  per  x-rayed  spine  (9). 
Despite  considering  films  where  the  findings  were 
in  doubt  or  borderline,  as  normal,  they  rejected 
25  of  232  applicants.  The  Belgian  Air  Force, 
concerned  about  degenerative  disease  of  the  spine 
in  their  F-16  pilots  has  initiated  a  program  of 
regular  screening  with  cervical  spine  x-rays  every 
five  years  since  1984.  The  results  of  this 
screening  program  have  not  yet  been  published. 
Subjects  selected  as  candidates  for  the  Armstrong 
Laboratory  centrifuge  panel  at  Brooks  Air  Force 
Base,  Texas  are  screened  in  a  similar  way  to 
aircrew  candidates.  The  spine  is  examined  with  a 
complete  series  of  spinal  radiographs  (200). 
Eight  of  81  candidates  were  rejected  as  a  result 
of  spinal  abnormalities  considered  disqualifying 
by  Kazarian  and  Belk's  report  (104). 

Recently  MRI  scans  have  been  used  to  screen  for 
spinal  abnormalities  in  this  group.  Burns  et  a  I 
(29)  reported  that  77%  of  22  male  centrifuge 
subjects  and  74%  of  19  age  matched  males  used  as  a 
control  group,  had  spinal  disc  abnormalities.  One 
of  the  problems  in  this  study  was  comparison  of  a 
first  and  second  reading  by  one  of  the  radiolo¬ 
gists  demonstrated  23%  agreement  and  77%  disagree¬ 
ment.  Similarly,  comparison  of  the  same  films 
read  by  two  different  radiologists  demonstrated 
11%  agreement  and  89%  disagreement,  highlighting 


the  subjectiveness  of  interpretation  of  the  re¬ 
sults  of  these  investigations. 

Pre-employment  screening  using  radiography  in 
occupations  at  high  risk  of  low  back  pain  has  been 
controversial.  These  x-rays  have  been  poorly 
predictive  of  future  low  back  pain  and  have  not 
been  shown  to  offer  any  benefits  in  industry  (64). 
In  selecting  candidates  for  flight  training,  we 
can  tolerate  false  positives  in  screening  for 
spinal  abnormalities  leading  to  rejection  of  some 
candidates  who  might  not  develop  spinal  problems. 
However,  if  the  use  of  x-ray  or  MRI  screening 
becomes  wide-spread,  its  efficacy  should  be  evalu¬ 
ated. 

Despite  the  intense  physical  challenge  hyper-G  ACM 
presents,  the  primary  military  requirement  for  the 
intellectual  integrity,  capacity,  dexterity  and 
flexibility  to  undertake  successful  defense  will 
remain.  The  sometimes  conflicting  criteria  for 
the  intelligence  to  evolve  tactics  and  strategy 
and  for  the  physique  to  exploit  them  will  continue 
to  test  selectors. 

3.6.3  Physical  Training 

3.6.3. 1  History 

In  modern  military  practice,  the  relationship  of 
posture  to  subsequent  satisfactory  military, 
albeit  infantry,  performance  even  in  a  selected 
population  seems  to  have  been  recognized  first  in 
the  basic  training  of  the  Preobrazenskaya  Regiment 
for  Peter  Romanov.  Lordosis  or  rather  "correct 
military  bearing"  in  the  language  of  the  day  was 
not  only  advantageous  in  maintaining  orderly 
appearance  on  parade,  but  proved  essential  to  the 
unfaltering,  automatic  wearing  of  a  56  lb  backpack 
without  tactical  impediment  on  campaign.  This 
lesson  was  not  lost  on  Frederick  of  Prussia  after 
the  unsatisfactory  performance  of  his  original 
Guard.  Every  drill  sergeant  knows  the  first 
requirement  is  lordosis  and  a  balanced  head.  In 
practice,  the  first  principles  of  high  -Gz  opera¬ 
tion  have  unwittingly  been  taught  by  the  armed 
forces  for  almost  300  years.  Though  Ms  BEATON, 
"carriage",  deportment  and  finishing  schools  are 
out  of  fashion,  a  return  to  civilian  emulation  has 
recently  been  proposed  (20). 

3. 6. 3. 2  Review  of  the  Relationship  Between  Physi¬ 
cal  Fitness  and  Spinal  Symptoms 

Suggestions  that  neck  muscle  strengthening  exer¬ 
cises  reduce  the  occurrence  of  in-flight  neck  pain 
are  a  recurring  theme  in  all  of  the  reports  on 
this  subject.  The  relationship  of  muscle  strength 
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atxJ  physical  fitness  to  occupational  disorders  of 
the  back  has  also  been  investigated  by  several 
authors.  Specific  exercise  and  muscle  strengthen¬ 
ing  programmes  have  been  used  in  the  treatment  of 
back  and  neck  disorders.  Chaffin  et  a  I  (36)  found 
a  worker's  likelihood  of  sustaining  a  back  injury 
increases  when  job  lifting  requirements  approach 
or  exceed  the  strength  capability  demonstrated  by 
an  ir>dividual  on  isometric  simulation  of  the  job. 
This  report  recommends  strength  performance  crite¬ 
ria  should  be  used  in  selecting  employees  for  jobs 
placing  high  stress  on  the  back.  Cady  et  al  (33) 
demonstrated  a  graded  and  statistically  signifi¬ 
cant  protective  effect  for  added  levels  of  fitness 
and  conditioning  on  the  occurrence  of  back  in¬ 
juries  in  firefighters.  Strength  and  fitness  may 
alter  the  way  in  which  musculoskeletal  components 
of  the  spine  fail.  While  a  larger  portion  of 
miners  present  with  low  back  pain  when  compared  to 
non-miners,  fewer  of  the  miners  had  criteria  for 
disc  protrusion.  Porter  (150)  hypothesizes  heavy 
manual  work  strengthens  the  spine,  restraining 
encroachment  of  a  disc  protrusion  into  the  verte¬ 
bral  column.  The  role  of  fitness  is  not  as  clear 
in  a  large  (3,020  subjects)  study  reported  by 
Battie  et  al  (19).  Their  subjects  completed  an 
extensive  questionnaire  covering  cardiovascular 
risk  factors,  past  medical  history  and  previous 
back  problems.  Maximal  oxygen  uptake  measurements 
were  completed  in  2,434  of  these  subjects.  These 
measurements  were  not  predictive  of  future  back 
injury.  In  fact,  consistent  with  many  other 
studies,  the  only  factor  predictive  of  back  injury 
in  this  prospective  trial  was  a  history  of  smok¬ 
ing.  Porter  (151)  examined  the  cadaveric  spines 
of  young  men  killed  in  road  accidents.  They  found 
the  compressive  strength  of  spines  from  subjects 
over  18  years  of  age  increased  with  level  of 
physical  activity  and,  in  some  cases  increased  to 
such  an  extent,  the  disc  prolapsed  before  verte¬ 
bral  failure.  Riihimaki  (157)  concluded  general 
physical  fitness,  measured  by  aerobic  capacity, 
and  trunk  muscle  strength  did  not  predict  future 
back  injury. 

Despite  a  lack  of  consensus  on  the  relationship 
between  physical  fitness,  muscle  strength  and  back 
problems,  physical  therapy  is  one  of  the  major 
conservative  approaches  to  treatment  of  musculo¬ 
skeletal  problems  of  the  spine.  The  "Back  School 
Program",  emphasizing  posture  and  using  a  regimen 
of  stretching  and  strengthening  exercises  tailored 
to  individual  patients,  was  recently  reviewed  in 
detail  (201).  Lumbar  strengthening,  using  a 
device  designed  to  specifically  strengthen  the 
isometric  lumbar  extensors,  has  been  shown  to 
reduce  symptoms  in  low  back  pain  sufferers  as 
compared  to  an  untreated  control  group.  The 


treated  group  reported  less  physical  and  psychoso¬ 
cial  dysfunction  (158).  Specific  training  regi¬ 
mens  and  equipment  can  also  increase  isometric 
cervical  extension  strength  (113).  This  training 
was  able  to  reduce  pain  and  increase  range  of 
motion  in  90  patients,  reported  by  Highland  et  al 
(88).  Unfortunately  no  control  group  was  included 
in  this  study. 

There  has  been  very  little  investigation  of  the 
effects  of  training  regimens  on  in-flight  neck 
pain.  Harms-Ringdahl  et  al  (83)  found  neck  flexor 
and  extensor  endurance  was  correlated  with  neck 
pain  in  a  group  of  39  Swedish  Air  Force  fighter 
pilots  (discussed  above),  but  neck  range  of  motion 
and  strength  were  not.  Hamalainen  et  al  (79)  used 
a  questionnaire  to  try  to  identify  determinants  of 
in-flight  neck  pain  in  27  male  student  fighter 
pilots.  The  pilots  who  engaged  in  frequent  muscle 
endurance  training  (although  the  details  of  this 
training  are  not  described)  suffered  less  in¬ 
flight  neck  pain.  Grip  strength  and  isometric 
neck  muscle  strength  did  not  correlate  with  in¬ 
flight  neck  pain.  The  wide-spread  use  of  muscle 
strengthening  to  treat  back  problems  and  the 
growing  use  of  cervical  muscle  strengthening  to 
treat  neck  problems  suggest  these  methods  may  be 
useful  in  fighter  pilots.  Many  of  the  pilots  who 
suffer  regular  in-flight  neck  pain  episodes  added 
comments  to  their  questionnaire  responses  to  the 
effect  that  they  were  only  able  to  fly  if  they 
performed  a  set  of  neck  warm-up  exercises  before 
flight.  The  two  studies  cited  above  do  not  clari¬ 
fy  whether  muscle  strengthening  and  endurance 
exercises  would  be  beneficial.  The  biomechanical 
investigations  demonstrating  the  neck  muscles  are 
functioning  close  to  their  strength  limits  at  high 
Gz  indicate  increasing  neck  muscle  strength  should 
be  beneficial.  A  neck  strengthening  program  would 
fit  neatly  into  the  isometric  muscle  strengthening 
program  currently  used  to  improve  tolerance  of  the 
cardiovascular  system  to  high  Gz.  The  introduc¬ 
tion  of  a  neck  muscle  strengthening  program  should 
be  monitored  to  establish  its  efficacy. 

3. 6. 3. 3  Present  Aircrew 

Aircrew  education  to  cover  the  present  problems, 
the  habitual  practice  of  lordosis  and  head  balance 
wherever  possible,  and  the  customizing  of  present 
seats  to  the  individual  is  feasible  and  can  be 
introduced  immediately.  This  effort  will  make  the 
best  use  of  present  equipment  and  minimize  induced 
morbidity  to  that  imposed  by  present  configura¬ 
tions.  This  is  a  duty  of  care. 

3. 6. 3. 4  Future  Ai rcrew 
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Training  for  future  HPA  operations  requires  the 
determined  establishment  and  then  continuous 
maintenance  of  lumbar  and  cervical  lordosis.  No 
fledgling  HPA  ace  will  take  kindly  to  this  appar¬ 
ently  anachronistic  reawakened  interest  in  the 
drill  square  unless  the  purpose  is  explained  and 
the  neurological  and  spinal  factors  involved  in 
the  successful  exploitation  of  maximum  manuevera- 
bility  are  understood  ab  initio.  Fortunately, 
this  is  the  easiest  and  cheapest  of  the  necessary 
reforms  in  attitude  and  practice,  while  an  im¬ 
provement  in  posture  is  important  to  every  member 
of  the  armed  forces  as  it  should  be  to  the  general 
population  at  large. 

Early  familiarity  with  and  full  exposure  to  the 
whole  +Gz  envelope  should  follow.  Use  of  HPA  or 
simulation  with  centrifuges  and  virtual  reality  is 
expensive  when  daily  progressly  increasingly  high 
Gz  experience  and  conditioning  is  required.  An 
alternative  is  the  use  of  low  cost  unlimited  class 
aerobatic  aircraft.  They  would  enable  fighter 
aircrew  in  training  to  gain  experience  and  confi¬ 
dence  throughout  the  full  flight  envelope  as  well 
as  maintain  G  conditioning  in  established  fighter 
pi  lots. 

3.6.4  Physical  Therapy  Post  HSG 

The  pilot  of  HPA  can  be  compared  with  professional 
athletes  of  physically  demanding  competitive 
sports;  e.g.,  American  football,  baseball,  basket¬ 
ball,  etc.  Support  programs  for  these  athletes 
include  a  professional  sports  trainer  and  a  doc¬ 
tor;  often,  a  doctor  of  Osteopathy  or  a  specialist 
in  physical  (sports)  medicine.  It  is  felt  that 
these  athletes  would  not  be  able  to  compete  on  a 
regular  basis  without  the  support  of  these  physi¬ 
cal  therapists.  Immediately  following  a  game, 
trainers  "rehabilitate"  these  athletes  with  body 
manipulations,  massages,  etc.  Many  of  these 
manipulations  involve  the  spine,  particularly  the 
cervical  and  lumbar  regions.  Flight  surgeons  at 
bases  for  HPA  report  requests  for  similar  treat¬ 
ment  by  fighter  pilots  after  HSG  exposures;  par¬ 
ticularly  from  flight  surgeons  who  are  experts  in 
musculoskeletal  manipulation.  Post-flight  physi¬ 
cal  therapy  may  prevent  the  manifestation  of 
underlying  spinal  degeneration.  Providing  a 
training  room  with  skilled  physical  therapists  for 
all  squadrons  of  HPA  could  be  beneficial  for 
preventing  chronic  types  of  spinal  disorders 
(159). 

3.6.5  Regular  High  G  Flying  Exposures 

Despite  the  major  contribution  which  simulation, 
centrifuges  and  environmental  trainers  can  make. 


there  is  no  substitute  for  air  time.  High  -G 
conditioning  and  adaptation  require  constant 
exercise  throughout  the  Gz  envelope  which  can  only 
be  provided  satisfactorily  in  the  air.  Financial 
restriction  being  what  it  is,  the  use  of  unlimited 
aerobatic  aircraft  as  low  cost  HPA  surrogates  is 
now  an  effective  training  option.  Progressively 
increased  exposure  to  high  Gz  over  weeks  should  be 
the  norm.  Once  established,  the  adaptation  which 
high  +Gz  tolerance  represents  requires  constant 
and  continuous  practice.  After  even  short  periods 
off  flying,  a  return  to  the  associated  autoregula- 
tory  adaptation,  especially  to  high  -Gz,  takes 
several  painful  days  of  high  G  exposure  to  re¬ 
develop. 

3.6.6  Equipment  Improvements 

Though  improvements  in  helmet  design,  construction 
and  materials  to  lighten  neck  axial  loading  have 
been  made,  no  attempt  has  been  made  to  improve 
pilot  posture  in  general  or  neck  biomechanics  in 
particular  by  removing,  replacing,  re-contouring 
or  re-positioning  the  ejection  seat  headbox, 
despite  the  limitation  this  structure  imposes  on 
rearward  view  in  aircraft  dedicated  to  all-round 
vision.  Headbox  redesign  could  allow  a  "maximum  G 
head  park"  position  for  the  helmet  in  full  head 
and  neck  extension.  However,  the  Eurofighter  has 
incorporated  a  twin  gun  design  in  the  ejection 
seat,  allowing  the  headbox  to  be  moved  back, 
improving  pilot  head  mobility. 

Protection  against  ejection  injury,  in  fact,  led 
to  suggestions  for  head  support  devices.  Several 
proposals  were  outlined  by  Mattingly  et  al  (122) 
using  neck  bellows  and  cables.  A  prototype  was 
built.  The  problem  with  these  devices  was  that 
although  they  reduced  the  load  on  the  neck  during 
ejection,  they  did  so  at  the  cost  of  restricting 
head  mobility.  The  analysis  reported  by  Raddin  et 
al  (154)  also  proposes  a  device  that  would  provide 
an  alternative  load  path  to  reduce  neck  loads  when 
control  of  the  head  is  lost  under  G.  This  study 
was  theoretical  and  did  not  progress  to  building  a 
prototype.  Head  support  devices  may  be  essential 
if  pilots  are  to  function  at  higher  Gz  levels  than 
those  seen  in  current  and  proposed  fighter  air¬ 
craft,  but  useful  systems  have  yet  to  be  devised. 
Helmet  design  offers  the  potential  for  reducing 
neck  loads  by  reducing  the  weight  of  the  helmet. 
Unfortunately,  recent  trends  toward  lower  helmet 
weights  may  be  reversed  by  the  addition  of  helmet 
mounted  displays  which  increase  the  weight  of  the 
helmet  substantially.  These  devices  may  be  a 
liability  at  high  G  and  during  ejection.  Another 
approach  to  reducing  neck  load  is  to  reduce  head 
motion  under  G.  The  complexity  of  the  information 
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capable  of  display  using  up  to  date  technology  is 
increasing  steadily.  Improvements  in  display 
techniques  may  allow  the  presentation  of  the  three 
dimensional  information  needed  by  a  pilot  maneu¬ 
vering  at  high  G  in  a  manner  that  does  not  require 
head  movement.  Improving  weapon  systems  with  the 
ability  to  acquire  targets  off  bore-sight  could 
also  reduce  the  amount  of  aircraft  maneuvering  and 
head  movement  needed  during  an  engagement. 


TABLE  3-1:  RISK  FACTORS  FOR  BACK  DISORDERS 


1.  Predictive  Risk  Factors: 

HISTORY 

EXAMINATION 

RADIOLOGY 

Age 

Poor  posture 

Degenerative  disc  changes 

Frequent  lifting 

Obesity 

Thinning  of  an  intervertebral  disc  space 

(especially  w/poor  posture) 

Unequal  leg  length 

Pars  interart icularis  defects 

Prolonged  sitting 

Low  proprioceptive 

Generalized  exostosis 

Family  history 

abi 1 i ty 

Hypertrophic  arthritis 

Poor  flexibility 

Unilateral  sacralization  of  either  5th 

Boredom  at  work 

or  6th  lumbar  vertebra 

Vulnerability  to  stress  (e.g.. 

Old  healed  fracture  with  moderate  to  severe 

frustration  and  workload) 

deformities 

Unfitness 

Fusions 

Excessive  exercise 

Previous  history  of  disc  surgery 

Exposure  to  vibration 

Smoking 

Low  self  esteem 

2.  Non-Predictive  Risk  Factors: 

Height 

Weight 

Overall  strength 
Equal  limb  length 


Normal  back 

Bilateral  sacralization  of  5th  lumbar  vertebra 
Lumbar izat ion  of  1st  sacral  vertebra 
Centres  of  ossification  on  vertebral  body  margins 
Mild  to  moderate  Schmorl's  nodes 
Spondylolisthesis  (controversial) 

Spondylosis  (controversial) 

Transitional  lumbosacral  vertebrae 

Sagittal  or  assymetrical  lumbosacral  facet  joints 

Scheuermann's  disease 

Minor  scoliosis  (<60°) 

Lumbar  lordosis  (<70°) 

Spina-bifida  occulta 


24 


CHAPTER  4 

IMAGING'S  CONTRIBUTION  TO  THE  INVESTIGATION  AND 
MONITORING  OF  THE  EFFECTS  OF  LONG  TERM, 
REPEATED  HIGH  SUSTAINED  ^  (HSG). 

4.1  INTRODUCTION 

Increasing  high  performance  aircraft  (HPA)  agili¬ 
ty,  the  associated  technology  (high  +Gz,  helmet 
mass,  ejection  seat  and  headbox  design),  and  the 
need  for  extreme  head  and  neck  mobility  subject 
the  head,  neck  and  spine  to  enhanced  mechanical 
stress.  In  operational  terms,  the  spine  is  a 
task- environment  related  "weak  link".  The  problem 
is  complicated  by  the  fact  that  all  adult  humans 
will  eventually  experience  spinal  degeneration 
with  intervertebral  disc  materials  aging  and  the 
complications  of  intervertebral  space  narrowing 
(spondylosis)  unless  active  counter-measures  are 
taken.  Most  people  will  experience  symptoms  at 
some  time.  Apart  from  the  acute  hazard  posed  to 
the  kyphotic  spine  by  HPA  operations,  there  is 
understandable  concern  that  increased  exposure  to 
+Gz  might  accelerate  the  normal  spinal  degenera¬ 
tion  which  we  all  suffer  from  puberty  onwards. 
Aircrew  spinal  images  can  therefore  be  expected  to 
be  abnormal,  like  those  of  their  peers.  The 
problem  for  surveillance  in  general  and  imaging  in 
particular  is  the  requirement  to  demonstrate 
differential  change  in  an  already  changing  subject 
in  which  there  are  wide  variations  on  the  norm  and 
no  ixiblished  long-term  prospective  studies. 

In  these  circumstances,  investigation  has  by 
tradition  been  targeted,  directed  by  the  clinical 
requirements  of  the  individual  patient  and  inter¬ 
preted  in  the  light  of  the  clinical  findings. 
Imaging  is  used  as  a  tool  rather  than  a  "free¬ 
standing",  independent  test.  Imaging  is  selected 
on  the  basis  of  clinical  impression.  Choice  of 
imaging  modality  is  influenced  by  anticipation  of 
the  likely  result.  Whilst  the  clinical  intention, 
at  the  end  of  the  day,  is  to  "treat  the  man  not 
the  scan". 

In  HSG  surveillance,  the  objectives  of  the  exer¬ 
cise  would  be  different.  Imaging  is  used  in  the 
conventional  fashion  in  symptomatic  aircrew.  The 
novel  requirement  is  to  define  individual  status 
and  suggest  initial  prognosis  in  the  asymptomatic 
population  and  then  monitor  individuals  with  and 
without  the  benefit  of  various  stratagems  to 
establish  the  spontaneous  evolution  or  natural 
history  of  spinal  degeneration  under  HSG,  together 
with  the  effects,  or  lack  thereof,  of  interven¬ 
tions  (such  as  the  restoration  and  maintenance  of 
the  lordoses,  removing  the  head  box,  etc).  The 


investigation  may  (hopefully  will)  be  of  benefit 
to  the  individual  investigated,  but  this  cannot  be 
assured.  In  this  scenario,  the  potential  for 
mischief  caused  by  inexact  investigation  and 
Bayesian  reality  is  protean.  The  potential  for 
good  and  ill  is  further  compounded  by  the  near- 
universal  demonstration  of  degenerative  changes  in 
the  target  population  and  the  absence  of  a  clearly 
defined  entity  which  could  be  stigmatized  as 
"high-G  spine".  Imaging  surveillance  would  be 
operated  in  a  manner  akin  to  population  prognostic 
screening,  in  which  the  extensive  experience  to 
date  has  been  disapproving. 

Imaging  of  the  HPA  community  is  of  great  academic 
interest  as  they  represent  a  population  subject  to 
an  overall  increased  adult  life  G-exposure  of 
<80%.  Their  enhanced  (if  intermittent)  axial 
loading  could  provide  further  insight  into  the 
mechanics  of  spinal  degeneration  and  it  could 
identify  a  number  of  individuals  who  might  on 
review  be  considered  at  enhanced  risk  of  acceler¬ 
ated  degeneration  or  actual  acute  spinal  element 
failure  under  increased  spinal  load. 

But  before  instituting  such  a  program,  a  number  of 
basic  questions  have  to  be  addressed: 

1.  "Non  nocere".  Can  individuals  be  assured  that 
no  harm,  or  more  good  than  harm  will  come  to  them 
as  a  result  of  their  participation? 

2.  Conflicting  priorities  in  the  Duty  of  Care: 

a.  What  if  the  program  throws  up  anomalies 
which  would  not  have  become  manifest  in  the  normal 
way  without  the  new  program?  Should  the  pilot  be 
grounded  and  loose  his  career? 

b.  Should  there  be  a  waiver  that  participa¬ 
tion  in  the  program  will  under  no  circumstances  be 
turned  to  the  individual's  career  disadvantage? 
Without  a  waiver,  cooperation  will  be  minimal  and 
every  effort,  not  unreasonably,  will  be  made  by 
individual  pilots  either  to  obscure  anomalies 
which  might  hazard  their  ambitions  or  to  maximize 
and  distort  them  to  skew  the  investigation  to  some 
personal  advantage. 

c.  It  is  important  to  establish  that  until 
the  conclusion  of  the  program,  and  only  then  if 
the  findings  are  that  policy  should  be  changed, 
the  aviation  medical  "rules"  will  not  be  changed. 
The  "goal -posts"  stay  where  they  are.  This  does 
not  prevent  confidential  individual  discussion  and 
advice  as  the  individual  pilot  or  his  family's 
clinical  interest  dictates. 
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3.  There  will  be  a  desire,  possibly  a  compulsion 
to  apply  any  operational  lessons  as  soon  as  they 
are  detected.  To  ensure  that  early  interpreta¬ 
tions  are  correct  rather  than  fallacious  the 
prospective  and  statistical  dimensions  of  the 
study  must  be  powerful  enough  to  accept  signifi¬ 
cant  variations  in  the  practice  both  of  aircrew 
and  their  controls  (for  example,  improved  posture 
and  paraspinal  tonic  muscle  mass).  The  alterna¬ 
tive  becomes  a  prospective  case  study  series  with 
lesser  but  possibly  more  realistic  and  practical 
statistical  pretensions.  This  would  be  no  less 
important,  but  prudent  prospective  surveillance 
and  review  is  not  the  same  as  a  controlled  study. 

4.2  BASIC  PROBLEMS 

What  are  we  looking  for?  (1)  an  enhanced  risk  of 
or  potential  for  catastrophic  failure?  (2)  a 
related  chronic  progressive  degeneration?  (3) 
enhancement,  acceleration  or  exacerbation  of  a 
naturally  occurring  process?  or  (4)  some  total ly- 
unforeseen  circumstances?  That  is  "shotgun" 
research,  shooting  into  the  dark  in  the  hope  that 
a  target  might  present  itself. 

In  the  spine  HSG  operations  trespass  beyond  a 
number  of  normal  +1Gz  human  failure  boundaries 
(such  as  the  load  performance  of  the  lumbar  discs 
already  compressed  in  lumbar  kyphosis).  This  may 
be  enhanced  by  missed  or  occult  individual  weak¬ 
nesses  (such  as  pars  interarticularis  defects) 
which  by  the  end  of  adolescence  have  developed  in 
>5%  of  the  normal  population  (60).  To  date,  acute 
failure  has  been  limited  to  the  ejection  case.  In 
the  +9Gz  generation  aircraft  rather  than  the 
development  of  a  "High-G  Back"  syndrome,  radiolog¬ 
ical  appearances  have  been  compatible  with  a 
possible  enhancement  of  the  normal  process  of 
spinal  degeneration  with  age,  compounded  by  a 
variation  of  pattern  with  maximum  stress  being 
experienced  at  C3-4  rather  than  the  more  usual  C5- 
6  level  (80).  This  is  in  keeping  with  enhanced 
upper  cervical  flexion/extension  activity  in  a 
basic  posture  of  enforced  cervical  kyphosis, 
enforced  that  is  by  head  box  and  helmet  keeping 
the  head  well  forward  of  the  spinal  axis.  In 
practice,  imaging  would  be  utilized  to  attempt  to 
define  accelerated  or  distorted  degeneration  in  an 
already  degenerating  population.  Controls  in  such 
a  study  would  have  to  be  both  age,  dimension, 
posture  and  degeneration  matched. 

The  problem  is  compounded  by  the  requirement  to 
survey  an  asymptomatic  population.  The  normal 
high  proportion  of  degenerates  in  the  adult  popu¬ 
lation  removes  the  mathematics  of  the  situation 
from  Bayesian  realms,  only  for  the  target  popula¬ 


tion  (accelerated  patterns  and  profiles  of  degen¬ 
eration  within  that  greater  population)  to  return 
the  problem  to  that  of  defining  moving  needles  in 
moving  haystacks.  The  risk/benefit  analysis  of 
such  a  program  in  a  highly  motivated  and  intelli¬ 
gent  population  is  illustrated  by  the  Bayesian 
consideration  of  one  facet,  the  presence  or  ab¬ 
sence  of  spondylolysis  as  a  hazard  to  pars  inte¬ 
rarticularis  stability  under  high  +Gz.  Given 
1,000  pilots  harboring  a  normal  population  of  >5% 
defects  with  a  test  sensitivity  and  specificity 
both  of  95%  (outstanding  and  probably  impractical 
in  clinical  radiology),  the  905  test  "normals"  (N) 
would  include  2  with  defects  whilst  47  of  those  95 
labeled  "abnormal"  (ABN)  would  in  fact  be  normal 
and  wrongly  excluded  from  HPA  flying  if  such  a 
defect  were  an  exclusion  (Figure  4-1).  Given  a 
more  likely  90%  sensitivity  and  specificity,  then 
95  (68%),  an  actual  majority  of  the  140  test 
"abnormals"  would  be  falsely  labeled  normals  and  5 
(<0.6%)  actual  abnormals  would  escape  detection 
(Figure  4-1).  This  "false  abnormal"  labeling 
would  potentially  exclude  some  of  the  best  candi¬ 
dates  if  such  a  test  was  an  ab  initio  criterion. 
It  would  create  mayhem  in  an  established  pilot 
population.  General,  "blind"  screening  of  a  pilot 
or  candidate  population  should  be  used  with  cau¬ 
tion,  defining  the  exact  purpose  of  the  examina¬ 
tion,  whether  it  is  to  protect  or  exclude  those  at 
risk  and  what  will  be  the  next  step  for  those 
labeled  "abnormal"  when  at  least  half  will  in  fact 
be  normal. 

4.3  PROSPECTIVE  TRIALS 

Prospective  trials  are  easier  when  breaking  new 
ground  in  new  populations  and  in  new  circumstances 
rather  than  re-examining  established  populations. 
In  considering  a  prospective  trial  covering  all 
HPA  aircrew,  the  complexity  of  the  task  and  the 
potential  for  misinterpretation  of  results  merit 
consideration  as  well  as  the  following: 

1)  The  multiple  significant  factors  involved 
include: 

a)  Posture,  both  habitual  and  imposed  by 
the  cockpit  ergonomy,  together  with  the  potential 
for  distortion  of  the  overall  results  by  the 
adoption  of  alternative  pxjstures  during  the  course 
of  the  trial  which  could  materially  alter  the 
prognosis  for  the  individual.  This  would  not  be 
lost  on  aircrew  at  risk  of  being  grounded. 

b)  Anthropometry  and  the  differential 
effects  of  the  variable  relationships  of  standard 
cockpit  dimensions  and  the  wide  variations  in 
pilot  physique. 


Figure  4-1:  Imaging  Used  As  A  Test  Rather  Than  As  A  Tool 
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c)  Individual  flying  styles  and  techniques. 
Though  "f ly-by-wi re"  does  impose  a  degree  of 
standardization  on  individual  flying  style,  suc¬ 
cessful  fighter  pilots  have  in  the  past  included 
those  who  have  exploited  their  individuality. 
High  +Gz  exposure  is  likely  to  be  non-uniform, 
with  individual  profiles  having  a  profound  effect 
on  spinal  component  mechanical  creep,  most  obvi¬ 
ously  of  the  intervertebral  disc. 

d)  While  age  has  a  univeral  effect,  the  old 
adage  that  there  are  old  and  bold  pilots,  but  no 
old,  bold  pilots  has  implications  for  the  spine. 
Older  pilots  still  flying  HPA  tend  to  look  after 
themselves.  But  flying  with  one's  head  permanent¬ 
ly  "out"  of  the  cockpit  means  that  looking  after 
oneself  in  dog-fighting  terms  may  actually  mean 
greater  neck  loading  in  the  older  pilot  population 
than  in  their  less  confident  or  relaxed  junior 
colleagues.  Age  has  therefore  many  significant 
dimensions. 

e)  Anatomical  predisposition  due  to:  (1) 
congenital  spinal  and  cranio-spinal  anomalies;  (2) 
acquired,  often  traumatic  lesions,  such  as  pars 
interarticularis  defects  which  though  absent  at 
birth  are  present  in  >5%  of  the  young  adult  popu¬ 
lation  from  which  tomorrow's  HPA  aircrew  will  be 
selected;  or  (3)  an  acentuated  disposition  to 
spinal  degeneration  to  which  a  family  history  may 
provide  some  clue. 

2)  Control  Groups: 

Controls  would  have  to  be  selected  to  reflect  at 
least  the  above  variables,  together  with  the 
accurate  matching  of  significant  changes  in  sub¬ 
ject  function  and  activity  occurring  during  the 
course  of  such  a  trial. 

3)  Trial  Inclusion  Criteria: 

Entry  "normality"  needs  careful  definition. 
Rejection  of  candidates  on  other  grounds  would 
already  have  produced  a  biased,  skewed  population. 
Should  normality/abnormality  be  judged  on  past, 
family  or  social  history;  on  symptoms  or  signs;  on 
physical  and  intellectual  performance;  or  by 
imaging? 

4)  Definition  of  Trial  Outcome: 

The  criteria  by  which  outcome  would  be  defined 
would  have  to  be  agreed  prior  to  trial  initiation, 
together  with  the  means  of  analysis.  With  the 
present  pace  of  imaging  development  all  present 
imaging  criteria  can  be  guaranteed  to  be  archaic 
and  probably  discredited  long  before  a  study  was 


concluded.  If  no  effect  of  HSG  operations  were 
demonstrated,  to  what  limits  could  confidence  in 
such  a  result  be  held? 

5)  What  then? 

If  no  effect  were  detected  while  extending  HSG 
operations  to  +12  Gz,  would  the  trial  then  be 
repeated  to  +15  Gz?  How  much/ long  HSG  would  be 
necessary  to  exclude  hazard?  If  abnormality  were 
demonstrated,  should  asymptomatic  pilots  be  al¬ 
lowed  to  continue  flying?  Should  the  symptomatic 
be  rehabilitated  or  discharged?  Leaving  such 
questions  to  be  answered  in  an  ad  hoc  fashion  as  a 
trial  developed,  would  ensure  every  effort  by  the 
subject  population  to  skew  the  study  to  each 
individual's  benefit. 

4.4  IMAGING:  GENERAL  CONSIDERATIONS 

4.4.1  Imaging  System  Performance 

Problems  of  technique,  system  sensitivity  (the 
ability  to  detect  abnormality)  and  specificity 
(the  ability  to  correctly  label  the  individual  as 
abnormal  or  normal)  are  compounded  by  the  applica¬ 
bility  of  individual  imaging  modalities  to  partic¬ 
ular  problems.  In  clinical  practice,  this  has  led 
to  a  variety  of  techniques  being  developed  to 
address  particular  problems.  There  is  no  one 
"universal"  imaging  method. 

4.4.2  Standardization 

1)  Technique  can  be  a  problem.  MR,  magnetic 
resonance  imaging,  as  a  contemporary  example,  is  a 
nightmare  kaleidoscope  of  field  strengths,  se¬ 
quence  design,  weighting  and  contrast  techniques. 
Rapid  developments  and  the  likely  introduction  of 
electron  as  well  as  other  nuclear  (to  date  largely 
proton)  resonance  techniques  ensure  that  the 
imaging  methods  of  any  prospective  study  will 
change  beyond  recognition  during  the  course  of 
that  study. 

2)  Interpretation  remains  highly  subjective 
while  some  techniques  (such  as  ultrasound)  are 
exquisitely  operator  dependent.  Experience, 
anticipation,  and  team  interaction  all  play  their 
part.  Indeed,  they  are  the  hallmarks  of  success¬ 
ful  clinico-radiological  collaboration.  Yet  such 
success  in  the  service  of  the  individual  patient 
is  anathema  to  the  "unbiased"  reporting  required 
by  a  prospective  trial.  The  fact  that  screening 
and  the  "correct"  diagnosis  of  asymptomatic  popu¬ 
lations  is  unfamiliar  to  any  established  clinical 
radiological  team  adds  a  further  degree  of  poten¬ 
tial  instability  to  the  interpretation  of  pro- 
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spective  data. 

4.4.3  Hazards 

These  fall  into  three  main  areas: 

1)  Physical.  Deleterious  effects  of  very  high 
magnetic  and  rapidly  switching  radio- frequency 
fields  have  yet  to  be  demonstrated.  Conversely, 
the  allergic  hazards  of  contrast  agents  and  the 
dangers  of  x-rays  and  ionizing  radiation  are 
constantly  being  reiterated. 

2)  Economic.  The  potential  economic  hazards  to 
the  individual,  of  loosing  a  career  through  the 
apparently  random  introduction  of  some  new  and 
potentially  "unfair"  process,  are  likely  to  exer¬ 
cise  the  minds  and  fears  of  most  aircrews. 

3)  Emotional.  To  suggest  that  all  are  "degener¬ 
ate"  is  likely  to  be  less  than  acceptable  to  the 
rightly  self-confident,  -centered  and  -opinionated 
individuals  who  comprise  a  significant  proportion 
of  any  successful  HPA  aircrew  population.  There  is 
also  the  potential  to  set  aircrew  against  their 
medical  advisors  and  confidents,  if  there  is  a 
perception  that  doctor  and  pilot  are  pursuing  dif¬ 
ferent  objectives.  The  former's  primary  interest 
then  being  held  to  be  to  prevent  rather  than 
promote  the  latter's  determination  to  be  the  best 
and  most  effective  man-machine  combination  since 
Creation. 

4.4.4  Cost 

Program  cost  has  many  dimensions: 

1)  The  absolute  cost  of  the  imaging/review 
exercise  or  its  contribution  to  the  overall  HPA 
operational  budget,  to  which  it  would  make  a 
miniscule  contribution.  This  can  be  quantified  by 
an  agreed  program  of  imaging  to  be  followed  by  all 
aircrew  with  a  margin  for  the  further  imaging  of 
symptomatic  individuals.  It  would  be  complicated 
by  the  complexity  of  the  imaging  program  required 
to  address  any/all  potential  conditions  associated 
with  or  possibly  exacerbated  by  HPA/HSG  operations 
over  the  aircrew's  lifespan.  Financial  cost  will 
always  remain  a  consideration  with  the  costs  of 
individual  tests  varying  between  countries. 
Generally  if  Sonography  costs  1A,  then  convention¬ 
al  radiography  costs  2A,  CT  4A  and  MR  8-10A. 

2)  The  cost/benefit  relationship  in  a  particular 
program.  A  massive  amount  of  work  could  well  be 
done  only  to  be  rendered  absolete  early  on  in  any 
study. 

3)  The  very  considerable  effort  required  to 


screen  large  numbers  of  asymptomatic  aircrew  and 
the  clinical  review  of  any  actual  or  possible 
abnormal  findings,  together  with  the  associated 
disruption  to  the  individual  asymptomatic  pilots 
duties  and  routine. 

4)  Mistrust.  The  intensely  practical  nature  of 
HPA  operation  could  contrast  with  the  often  appar¬ 
ently  haphazard  requirement  for  the  detailed 
clinical  review  and  further  imaging  of  aircrew  who 
in  their  own  and  others'  eyes  were  entirely  nor¬ 
mal.  Maintaining  trust  in  a  study  is  time  consum¬ 
ing  and  can  strain  clinical  confidentiality. 

5)  The  potential  additional  loss  of  valuable 
aircrew  labelled  abnormal,  unless  a  prior  guaran¬ 
teed  waiver  was  provided  that  the  program  itself 
would  not  ground  those  who  still  fulfilled  present 
criteria.  The  study  would  be  best  introduced  as 
part  of  the  research,  development  and  safety 
program  associated  with  the  introduction  of  a  new 
aircraft  type  and  the  exploitation  of  new  opera¬ 
tional  domains. 

4.4.5  Imaging  Availability 

Intense  competition  and  constantly  improving 
imaging  performance  would  require  imaging  to  be 
undertaken  at  carefully  selected  and  interlinked 
centres,  backed  with  a  central  registry  and  a 
common  data  base  subject  to  annual  review  by  a 
practical  yet  specialist  body  such  as  AGARD/AMP. 

4.5  CURRENT  IMAGING  NETHGOS 

Appropriate  imaging  methods  at  present  available 
include: 

1)  X-rays:  Plain,  stereo  and  tomographic. 

2)  Contrast  studies  such  as  discography  and 
myelography. 

3)  CT,  computer-assisted  x-ray  tomographic 
scanning,  both  standard  and  fine  cut.  Good  bone 
definition,  variable  windowing  and  the  availabili¬ 
ty  of  contrast  agents  mean  that  CT  will  continue 
to  have  a  place  in  spinal  and  petrous  bone  imaging 
despite  rapid  developments  in  HR  methodology. 

4)  Combined  procedures,  such  as  CAM,  computer- 
assisted  myelography  (Myelography  +  CT). 

5)  MR,  magnetic  resonance  imaging.  To  date  this 
has  been  nuclear,  usually  proton  (water)  based, 
though  electron  resonance  systems  are  on  the 
threshold  of  clinical  application  and  characteri¬ 
zation.  Variable  magnetic  field  strengths,  se¬ 
quence  design  and  a  bewildering  and  expanding 
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variety  of  techniques  guarantees  that  whatever  is 
selected  as  the  basis  for  a  prospective  study 
today,  will  soon  be  rendered  obsolete,  whatever 
present  i ntent i ons . 

The  two  current  areas  of  study  are: 

1.  MR  imaging: 

a)  Orthodox  (and  time-consuming). 

b)  Fast  techniques  that  allow  dynamic  assess¬ 
ment  and  volume  acquisition. 

c)  EchoPlanar.  real-time  imaging  which  dis¬ 
plays  actual  flow  and  motion. 

d)  EchoVolumar,  3-dimensional  imaging  in  which 
one  dimension  may  be  used  to  display  chemical 
shift  and  provide  both  anatomical  localization  as 
well  as  biochemical  characterization. 

e)  MR  Microscopy  provides  in  vivo  histology, 
though  at  present  it  requires  high  strength  mag¬ 
netic  fields  which  have  yet  to  gain  acceptance  for 
human,  clinical  application  and  for  which  novel 
magnets  will  probably  be  required. 

2.  HR  Spectroscopy,  which  will  find  an  applica¬ 
tion  in  every  tissue  during  the  time  scale  of  any 
prospective  HSG  study. 

6.  Ultrasound 

Sonograp>hy  and  the  exploitation  of  Doppler  shift 
and  colour  coding  not  only  allow  real  time  and 
flow  imaging  and  measurement,  but  are  readily 
repeatable  and  without  known  hazard.  It  is  howev¬ 
er  totally  operator  dependent  both  for  anatomical 
demonstration  and  to  a  lesser  extent  for  interpre¬ 
tation.  It  is  best  in  soft  tissues.  Its  penetra¬ 
tion  of  mature  bone  is  at  present  poor. 

7.  Isotofse  studies 

These  may  be  by  simple  isotope  uptake  scans  (166, 
203)  or  by  more  accurate  techniques  (such  as 
SPECT,  single  photon  emission  computed  tomography) 
required  to  display  small  areas  of  tissue  disturb¬ 
ance  (such  as  the  pre- fracture  cancellous  bone 
failure  which  preceeds  spondylolisthetic  fracture 
of  the  pars  interarticularis)  (56,  92). 

4.6  IMAGING  EXPERIENCE 

The  persistence  of  so  many  different  modalities  is 
an  indication  not  only  of  the  rise  of  imaging 
costs,  but  also  that  each  method  has  specific 
applications  which  remain  best  addressed  by  that 


method  despite  the  rapid  development  of  other 
technologies.  In  the  surveillance  of  HSG  aircrew, 
a  choice  has  to  be  made  either  to  select  the  most 
appropriate  methods  available  today,  accepting 
that  they  will  soon  be  rendered  obsolete  and 
shortly  thereafter  difficult  to  obtain,  or  accept 
that  surveillance  will  inevitably  have  to  be 
conducted  using  a  variety  of  rapidly  developing 
and  changing  techniques.  The  latter  in  its  turn 
would  mean  that  clinical  and  anatomical  criteria 
will  continue  to  be  paranwunt  in  aircrew  surveil¬ 
lance.  It  will  always  be  necessary  to  "treat  the 
man  not  the  scan".  Clinical  primacy  avoids  Baye¬ 
sian  problems  by  treating  the  individual  as  an 
individual  rather  than  a  unit  in  the  system  under 
review.  On  the  other  hand,  this  does  mean  that 
clinical  history,  examination  and  investigatory 
criteria  will  have  to  be  regularised  and  coordi¬ 
nated  through  a  central  organization  such  as 
AGARD/AMP.  Clinical  assessment  is  beyond  the 
remit  of  this  chapter,  but  is  central  to  the 
effective  surveillance  of  the  next  generation  of 
HPA  aircrew  who  will  exploit  the  abilities  of  the 
F-22/Eurof ighter/Rafale/Gripen  generation  air¬ 
craft. 

4.7  IMAGING  TARGETS  IN  THE  SPINE  AND  VESTIBULAR 
SYSTEMS 

Selection  of  the  appropriate  imaging  and  modality 
depends  on  the  target  tissue  or  structure. 

4.7.1  Spine 

1)  The  general  morphology  of  the  spine  as  well 
as, 

2)  Spinal  dynamics  can  be  addressed  both  by 
plain  films  of  the  whole  spine  and  its  various 
parts  in  fully  active  flexion  and  extension  and  by 
MR  which  is  particularly  helpful  in  the  sagittal 
plane  and  when  extended  up  into  the  head  to  cover 
the  posterior  fossa  and  brain  stem. 

3)  The  intervertebral  discs,  their  annuli, 
nuclei,  the  end  plates  and  the  characteristic 
changes  in  the  adjacent  vertebral  bodies  in  disc 
degeneration  (186)  are  best  defined  by  MR. 

4)  Synovial  facet  and  neuro-central  Joints  are 
still  best  defined  by  CT  as  are  osteo-  and  spondy- 
lophytes.  That  MR  is  often  used  is  due  to  the 
ability  of  MR  to  image  in  any  plain  without  the 
necessity  for  reconstruction  in  CT. 

5)  Ligaments  (anterior  and  posterior  longitudi¬ 
nal,  ligaments  flava,  inter-  and  supra-spinus 
ligaments)  though  theoretically  soft  tissue  and 
therefore  ultrasound  sensitive  are  in  practice 
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usually  assessed  during  CT  and  HR  review.  The 
exceptions  are  prevertebral  lesions  (especially 
absesses  and  collections  requiring  needle  biopsy) 
when  ultrasound  is  invaluable. 

6)  Vertebrae:  plain  films  and  CT  define  most 
abnormalities  and  MR  the  rest  (particularly  at  the 
Foramen  magnum).  The  most  difficult  area  to 
define  is  the  pars  interarticularis.  Clinical 
suspicion  is  paramount  (98)  and  oblique  plain 
films  the  traditional  method  of  choice  and  still 
the  first  step.  CT  is  often  disappointing  (70) 
and  MR  surprisingly  good  at  picking  up  the  soft 
tissue  in  the  bony  discontinuity,  if  present. 
Symptoms  of  spondylolysis  often  preceed  cortical 
fracture.  In  this  situation,  SPECT  can  define  the 
cancellous  failure  of  the  pre-fracture  stage  (56). 

7)  Paraspinal  muscle  abnormalities  can  be  dis¬ 
played  both  by  MR  and  by  ultrasonography. 

8)  The  spinal  cord,  subarachnoid  space,  meninges 
and  the  spinal  canal  contents  together  with  the 
brain  stem  are  best  demonstrated  by  HR  with  Gado¬ 
linium  DTPA  or  other  contrast  enhancement  as 
indicated. 

9)  Spinal  cord  vasculature  can  be  visualized  by 
MR  angiography  and  venography,  with  conventional 
angiography  back-up  as  clinically  indicated. 

10)  CSF  circulation  and  cisterns,  together  with 
cord  cavities,  and 

11)  Dysraphic  states  are  best  defined  by  MR. 
4.7.2  Vestibular 

"Vestibular"  imaging  usually  entails  plain  films 
to  exclude  obvious  skull  base  destructive  lesions; 
fine  cut  CT  for  temporal  bone  anatomy  and  HR  for 
intra-petrous  structures,  the  cerebellopontine 
angels,  posterior  fossa  and  brain  stem. 

4.8  IMAGING  ORGANIZATION 

Spinal  and  vestibular  imaging  is  a  tool,  not  a 
test.  Just  as  tools  are  useless  or  worse  if  not 
properly  utilized,  so  imaging  has  to  be  employed 
as  a  contributory  part  of  a  greater  surveillance 
scheme.  Imaging  is  commonly  used  in  three  circum¬ 
stances: 

1)  as  part  of  the  admission  gating  criteria 
during  ab  initio  selection.  Imaging  can  be  a 
useful  adjunct  if  the  admission  criteria  are 
clearly  defined  and  agreed. 


population,  following  standard  clinical  criteria. 

3)  as  part  of  the  protocol  of  a  prospective 
trial.  Here  the  major  problem  is  that  all  humans 
are  abnormal  to  a  greater  or  lesser  degree.  Any 
such  trial  has  therefore  to  have  either  defined 
tolerances  of  the  degree  of  abnormality  that  is 
acceptable,  or  be  designed  to  accept  individuals 
as  individuals,  making  their  performance  rather 
than  their  appearance  the  prime  criterion. 

4.8.1  Further  Significant  Considerations 

Accepting  this  imaging  organization  is  then  faced 
by: 

1)  The  Duty  of  Care.  Both  to  the  individual, 
the  Service  and  the  taxpayer.  Clinically,  the 
individual  is  paramount.  The  trust  of  aircrew  and 
the  usefulness  of  the  attending  physician  depend 
on  this. 

a)  The  situation  of  aircrew  has  to  be  as¬ 
sessed  in  terms  of  possible  culpable  hazard  to 
which  they  might  be  exposed  both  by  the  operation¬ 
al  requirement  and  the  investigation.  Each  will 
effect  the  other  and  define  the  risk/benefit 
equation  for  both  the  operation  and  the  individu¬ 
al  . 

b)  The  need  to  establish  clinically,  backed 
by  investigation  where  appropriate,  whether  or  not 
an  individual  is  at  some  particular,  individual 
enhanced  risk. 

c)  Prevention  of  hazard  both  by  the  exclusion 
of  individual  risk  and  by  active  counter-measures 
such  as  improved  posture  or  reduced  axial  loading 
by  the  provision  of  light-weight  helmets.  Imaging 
can  contribute  to  both  individual  assessment  and 
the  design  of  counter-measures  (such  as  the  dynam¬ 
ic  MR  imaging  of  head/neck  posture  and  movement 
pattern  imposed  by  seat  and  helmet  configuration 
and  design). 

d)  Therapy.  An  adequate  history  and  examina¬ 
tion  of  symptomatic  aircrew  may  require  further 
investigation.  In  spine  and  vestibular  system, 
this  usually  by  imaging. 

2)  The  problems  of  ab  initio  screening;  "se- 
lecting-out"  individuals  should  be  based  on  care¬ 
ful  clinical  assessment.  It  cannot  be  delegated 
to  imaging  used  as  a  pass/fail  test,  if  only  for 
Bayesian  reasons,  let  alone  the  likely  blind 
selecting  out  of  many  of  those  who  might  otherwise 
be  ideal  candidates.  Imaging  is  no  substitute  for 
formal  individual  risk  assessment. 


2)  as  part  of  the  medical  support  of  the  service 


3)  The  practicalities  of  surveillance  and  the 
screening  of  those  already  in  the  Service.  The 
ntore  rigorous  the  review,  the  more  the  abnormali¬ 
ties  that  will  be  revealed.  This  is  particularly 
so  if  new  modalities  are  introduced  to  examine  the 
existing  pilot  population.  Such  "moving  of  the 
(investigatory)  goalposts"  should  be  used  with 
caution.  Altering  medical  standards  can  create 
not  unreasonable  dissatisfaction  among  the  exist¬ 
ing  aircrew  who  have  based  their  careers  on  one 
set  of  standards,  only  to  find  them  being  changed 
for  technological  rather  than  practical  reasons. 
The  introduction  of  new  agile  aircraft  type  does 
however  provide  potential  grounds  for  "moving  the 
goalposts"  because  the  goalposts  will  of  necessity 
change  by  virtue  of  the  new  domains  the  new  type 
is  being  introduced  to  exploit.  Similarly,  the 
initially  small  numbers  of  pilots  converting  on  to 
the  F-22  and  similar  aircraft  will  allow  detailed 
individual  clinical  review  and  the  introduction  of 
the  recomnnendations  of  this  report. 

4)  Imaging  in  prospective  trials. 

a)  Large  numbers  of  individuals  and  controls 
can  be  handled  if  the  trial  criteria  are  clinical, 
that  is  performance-based. 

b)  If,  however,  imaging  were  to  be  used  as  a 
pass/fail  test  (i.e.,  if  anatomy  rather  than 
performance  were  the  criterion),  then  the  preve- 
lenced  of  abnormality  in  any  adult  human  popula¬ 
tion  would  mean  that  all  the  variables  defined  in 
the  introduction  above  would  have  to  be  matched. 
Numbers  would  be  restricted  by  the  effort  involved 
or  only  a  sample  of  the  whole  population  selected, 
a  source  of  further  error. 

5)  Data  collection  and  retrieval. 

Good  imaging  is  expensive  of  money,  time,  exper¬ 
tise  and  above  all,  of  enthusiasm.  Good  quality 
data  are  exquisitely  dependent  on  the  last. 
Clinical  review  and  appropriate  imaging  of  those 
converting  to  agile  aircraft,  rather  than  attempt¬ 
ed  ball-park  surveillance  of  all  HPA  aircrew,  are 
most  likely  to  be  useful,  as  well  as  discharging 
the  duty  of  care  to  those  exploiting  the  new 
operational  opportunities  (opportunities  that  are 
both  for  good  and  ill).  At  the  same  time,  paral¬ 
lel  clinical  review  of  all  symptomatic  HPA  aircrew 
with  a  common  data  base  will  ensure  the  maximum 
return  on  effort  and  expenditure,  while  targeting 
expensive  imaging  most  effectively. 

Practical  Application 

Utilization  of  the  imaging  discussed  can  be  repre¬ 
sented  as  a  decision  "tree"  (Figure  4-2). 


Figure  4-2:  Diagnostic  Pilot  Selection  Decision  Tree 


Population 
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CHAPTER  5 

VESTIBULAR  SYSTEM  DYSFUNCTION  FOLLOUING 
REPEATED  EXPOSURE  TO  HIGH  SUSTAINED  G 

5.1  NEURO- ANATOMY: 

The  vestibular  system  represents  a  complex  neuro- 
anatomic  interrelationship  of  neck,  central  nerous 
system,  and  inner  ear  structures.  As  well  as  the 
spine,  four  other  anatomical  areas  are  involved  in 
AR317.  <15+Gz  operations  have  implications  for 
brain  stem,  cervico-medul lary  junction  and  spinal 
cord  as  well  as  the  peripheral  vestibular  system 
within  the  temporal  bone.  Whole  brain  motion; 
cerebral  blood  flow  (CBF);  the  cerebral  microcir¬ 
culation;  blood-brain  barrier  (BBB);  brain  is¬ 
chaemic  tolerance;  the  "G-free  window"  and  second 
messenger  effects  are  outwith  WG17's  terms  of 
reference  though  they  are  central  to  hyper-G 
operation. 

The  basic  arterial  perfusion  of  spinal  cord  and 
brain  stem  depends  on  a  major  anterior  axial 
arterial  structure.  This  is  represented  by  the 
anterior  spinal  and  basilar  arteries.  Dynamical¬ 
ly,  these  two  structures  (25,  26)  are  different. 
Below  the  C2  vertebral  level,  the  spinal  cord  is 
longitudinally  suspended  within  its  pial  envelope 
from  the  dura  on  either  side  by  the  dentate  liga¬ 
ments.  Continuously  and  linearly  attached  to  the 
spinal  cord  medially,  the  dentate  ligament  bridges 
the  subarachnoid  space,  in  an  arch  for  each  spinal 
segment  and  is  attached  focal ly  to  the  dura  later¬ 
ally  between  each  spinal  nerve  dural  exit  sheath. 
This  arrangement,  which  is  the  bane  of  the  spinal 
surgeon  (as  it  limits  the  degree  of  spinal  correc¬ 
tion  which  this  system  of  pial  suspension  will 
allow  before  pial  corrugation,  Virchow-Robin  space 
distortion  and  chord  venous  outflow  obstruction 
occur),  provides  axial  stability  for  the  cord 
despite  the  major  cerebrospinal  fluid  (CSF)  per¬ 
turbations  which  occur  within  the  spinal  CSF 
subarachnoid  cisterns  with  each  heart  beat,  respi¬ 
ration,  cough,  head  or  neck  movement,  anti-G 
straining  maneuver  (AGSM)  or  change  of  Gz.  Pure 
Gz  related  axial  spinal  cord  disturbance  at  <15+Gz 
is  less  likely  than  spinal  nerve  root  and  dorsal 
root  ganglion  percussion  or  compression  by  anteri¬ 
or  spinal  column  collapse  in  cervical  kyphosis,  or 
by  gross  cervical  intervertebral  foramen/exit 
canal  pressure  gradients  in  PPB. 

The  brain  stem  has  no  such  stabilization  or  pro¬ 
tection  even  though  it  has  similar  but  even  longer 
midline  anterior  perforators  which  extend  back 
from  the  basilar  artery  to  the  IVth  ventricular 
floor.  Worse,  its  cross  sectional  area  is  larger 


and  axially  unstable  which  is  not  surprising  as  it 
was  designed  to  lie  horizontal  under  Gx.  But 
under  axial  acceleration,  this  renders  it  suscep¬ 
tible  to  the  axial  sleeving  phenomenon  (116). 

Unlike  the  dentate-stabilized  cord  and  the  sleev¬ 
ing  stem,  the  cervico-medul lary  junction,  between 
the  brain  stem  medulla  above  and  spinal  cord  at  C2 
(running  through  the  Foramen  magnum  and  the  highly 
mobile  cranio-cervical  junction)  is  optimized  for 
motion  in  and  about  all  three  spatial  axes.  Its 
blood  supply  is  largely  laterally  derived  (as  the 
Lateral  Medullary  Syndrome  demonstrates)  and  of  a 
resilience  which  allows  full  head  on-neck-movement 
without  vascular  compromise.  Its  smaller  cross- 
sectional  area  appears  to  reduce  its  sleeving 
susceptibility.  If  lower  medullary  based,  then 
Katchen's  case  (101)  is  the  exception  which  proves 
this  rule. 

With  few  exceptions  (46,  101,  147),  the  axial 
sleeving  phenomenon  has  been  the  preserve  of 
unlimited  class  aerobatic  pilots  practicing  high 
-Gz  sequences  in  turbulence  and  well  outside 
competition  meteorological  limits.  One  unpub¬ 
lished  episode  (97)  is  anecdotally  similar  to 
Phillips'  case  (147)  of  cerebellar  injury  at  9  G 
but  probably  involved  >11-Gz.  High  -Gz  transients 
appear  to  be  responsible  for  the  civilian  aerobat¬ 
ic  cases,  causing  brain  stem  perforator-capillary 
bed  disruption.  Such  insult  is  now  familiar  in 
restrained  high  speed  vehicle  occupant  accident 
victims  when  peak  deceleration  occurs  after  head 
pitch  forward  has  swung  the  brain  stem  into  the 
main  deceleration  axis  (18,  34,  67,  153).  The 
typical  lesions  that  result  with  flying  are  multi¬ 
ple,  punctate  brain  stem  hemorrhages.  These  can, 
and  characteristically  do,  mimic  vestibular  dis¬ 
turbance  by  focal  central  vestibular  connection 
interference. 

The  clinical  hallmark  is  acute  in-flight  onset  of 
vector  related  vertigo  (VRV).  In  practice,  care 
has  therefore  to  be  exercised  to  differentiate 
between  central  brain  stem  and  peripheral  vestibu¬ 
lar  acceleration-related  lesions  (50,  102,  173, 
174).  The  latter  have  been  found  in  animals 
subjected  to  extremely  high  levels  of  whole  body 
acceleration  (49,  85,  118,  142,  143,  205).  Within 
our  acceleration  domain  [<15+Gz]  a  minimum  of  +12G 
for  >3  minutes  has  proved  necessary  to  induce 
otolith  separation  (142,  143).  An  apparent  inter¬ 
cept  is  provided  by  the  observation  by  Davis  (46) 
of  benign  paroxysmal  positional  vertigo  that 
persisted  for  several  months  in  a  subject  exposed 
to  high  levels  of  +Gz.  But  this  could  just  as 
well  be  explained  on  a  brain  stem  central  basis  as 
the  reclining  seat  would  have  brought  the  brain 
stem  into  the  main  acceleration  axis.  If  so,  this 


34 


may  indicate  another  +Gz  sector  of  the  brain's 
acceleration  toleration  envelope. 

5.2  HIGH  Gz  VESTIBULAR  RELATED  EXPERIENCE 

This  relevant  information  is  provided  by  three 
populations  exposed  to  G  environments  with  magni¬ 
tudes  at  levels  considered  conducive  to  vestibular 
damage:  (1)  Centrifuge;  (2)  High  performance 
(largely  fast  jet)  aircraft  (HPA);  and  (3)  Unlim¬ 
ited  aerobatics. 

5.2.1.  Centrifuge: 

The  centrifuge  experience  in  its  turn  comprises 
three  separate  domains  (two  human  and  one  animal) 
though  there  may  be  intercepts. 

1)  Hyper-G,  <15+Gz  Johnsville  pilot  training  for 
the  X-15  program. 

The  persisting  subjective  problem  from  this  unpub¬ 
lished  experience  was  that  of  unremittent,  if  low 
grade  clinical  vestibular  disturbance.  This  is  in 
keeping  with  a  chronic  impairment  of  vestibular 
performance  (57,  58,  174)  and  may  indicate  otoco¬ 
nia  I  separation  similar  to  that  described  by 
Parker  et  al  (142,  143). 

2)  <9+Gz  human  centrifuge  exposure. 

This  G  exposure  represents  most  of  the  centrifuge¬ 
riding  population.  With  isolated  exceptions  (46, 
52,  101),  vestibular  symptoms  have  been  notable 
for  their  absence. 

3)  Animal  ultracentrifugation. 

Given  that  sufficient  acceleration  is  applied  for 
long  enough,  though  the  vectors  have  often  been 
poorly  controlled,  otoconial  detachment  and  sludg¬ 
ing  can  be  achieved  (49,  85,  118,  142,  143,  205). 
As  mentioned  above,  only  the  work  of  Parker  et  al 
(142,  143)  is  strictly  applicable,  but  a  minimum 
of  12G  was  maintained  for  3  min  15  secs. 

Though  the  case  of  Davis  et  al  (46)  may  have  been 
otoconial  related,  both  her  and  Phillips'  patient 
(147)  recovered  in  the  manner  now  familiar  in 
brain  stem  injury  and  in  high  -Gz  VRV  which  ap¬ 
pears  brain  stem  based  and  is  discussed  below.  At 
least  one  Johnsville  rider  was  left  with  a  perma¬ 
nent  deficit  compatible  with  otoconial  (17,  57, 
75,  174)  or  utricular  macular  insult  (37).  It 
does  seem  that  prolonged,  constant  vector  <15+Gz 
can  induce  peripheral  vestibular  injury  in  man. 
However  the  vector  and  temporal  dimensions  of  this 
inner  ear  acceleration  failure  boundary  have  yet 
to  be  defined. 


5.2.2.  High  perforaance  aircraft 

Our  experience  here  is  all  human  and  from  three 
areas  of  aircraft  performance: 

1)  Hypersonic  flight. 

Unplanned  very  high  +/-Gxyz  loading  in  the  hyper-G 
domain  [9-15Gz]  where  survival  has  occurred. 
However,  the  aircraft  behavior  was  such  that  very 
rapid,  out  of  balance,  alternating  autorotational 
states  were  the  order  and  subsequent  ejection 
added  a  further  acceleration  epoch.  Immediate 
clinical  concern  was  understandably  for  major 
systemic  insult.  The  inconstancy  despite  the 
magnitude  of  the  vectors  experienced  is  probably 
the  reason  for  the  absence  of  persistent  vestibu¬ 
lar  or  recalled  brainstem  sleeving  symptoms  (212). 
The  temporal  requirement  for  the  induction  of 
tissue  acceleration  damage  has  been  emphasised 
(183). 

2)  The  "+9G  Generation". 

Initial  experience  with  the  F-15  and  F-16  aircraft 
was  relatively  benign,  in  that  only  very  brief 
excursions  were  made  >8+Gz  (66).  Subsequent 
operational  familiarity  with  and  the  opportunity 
routinely  to  utilize  <9+Gz  limited  by  reliable, 
pre-programmed  fly-by-wire  constraints  have  ena¬ 
bled  "on  the  stops"  flying  without  fear  of  over¬ 
stressing  the  airframe.  This  in  its  turn  pro¬ 
duced  a  series  of  reports  of  spinal,  principally 
cervical  mischief  in  all  those  aircraft  types  so 
equipped  [F-14,  F-15,  F-16,  F-18]  (4,  8,  13,  14, 
21,  65,  109,  191,  192,  211).  Needless  to  say 
rear- seat  F-14  aircrew,  with  head  and  neck  perma¬ 
nently  twisted  around  the  headbox  to  scan  6- 
o'clock  in  exactly  those  circumstances  when  unan¬ 
ticipated  maximal  onset  rate  to  maximal  programmed 
high  +Gz  is  warranted,  are  among  the  worst  effect¬ 
ed.  This  USN/USAF  experience  has  been  confirmed  by 
others  operating  agile  aircraft  (6,  76,  79,  80). 
The  symptoms  have  been  cervical  with  no  "vestibu¬ 
lar"  effects. 

3)  The  previous  "6G"  generation. 

Though  there  were  occasional  direct  (168,  169)  and 
indirect  (189)  reports  of  cervical  injury,  careful 
review  suggested  that  F4/MiG-21/Mi rage  aircrew 
pathology  either  reflected  that  of  their  general 
population  cohorts  (125)  or  was  non-existent  (124, 
185).  Occasional  dramatic  reports  indicated  opera¬ 
tion  well  outside  intended  performance  parameters 
(147).  Sufficient  experience  was  gained  during 
this  era  to  suggest  that  the  next  increase  in 
manned  aircraft  performance  would  require  atten¬ 
tion  to  aircrew  musculo-skeletal  as  well  as  car- 
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dio-vascular  factors  (3,  32,  40,  44,  86,  95,  104, 
127,  144,  152,  168).  Though  improvements  in  helmet 
design,  construction  and  materials  lightened  neck 
axial  loading,  no  attempt  was  made  to  improve 
pilot  posture  in  general  or  neck  biomechanics  in 
particular  by  removing,  replacing  or  re-position¬ 
ing  the  ejection  seat  headbox,  despite  the  limita¬ 
tion  this  structure  imposed  and  continues  to 
impose  on  rearward  view  in  a  new  generation  of 
aircraft  dedicated  to  all-round  vision.  Again, 
persisting  vestibular  symptoms  were  lacking. 

5.2.3.  Unlimited  Aerobatics. 

This  is  a  useful  area  of  military  study,  not  only 
because  of  the  aerobatic  lessons  learned  by  the 
Red  Air  Force  against  the  Luftwaffe  in  Spain  and 
the  Japanese  Air  Force  in  China  during  the  1930s, 
later  applied  to  NATO  Member  States'  discomfort, 
but  because  very  high  -Z+Gz,  well  into  the  present 
area  of  interest  has  been  used  continuously  and 
successfully  at  very  low  altitudes  (>100  M, 
328'agl)  for  many  years  with  little  obvious  dele¬ 
terious  effect.  Plus  12/-9GZ  envelopes  have  been 
commonplace  and  practiced  by  international  class 
(including  World  Champion)  pilots  well  beyond 
commercial  retirement  age,  yet  alone  the  "fast-jet 
years".  Age  and  the  human  frame  alone  are  mani¬ 
festly  not  contra-indications  to  these  extreme  Gz 
domains. 

Differences  from  HPA  operations  include  the  great 
physical  care  such  pilots  take  of  themselves; 
their  careful  cockpit  design  and  the  fact  that 
they  operate  within  the  "G-free  window"  of  the 
human  brain's  ischaemic  tolerance  envelope,  its  5 
second  ability  to  continue  to  function  unperfused 
before  the  immediate  and  at  high  +Gz  unheralded 
onset  of  coma.  Seats  are  tailored  to  the  individ¬ 
ual.  The  pelvis  is  "screwed  to  the  airframe"  by  a 
separate  3-point  G-harness  with  the  shoulder 
straps  only  tight  enough  to  prevent  upper  body 
flailing  in  high-Gz  autorotation.  Though  operating 
in  supposedly  friendly  airspace,  unobstructed 
vision  and  full  head  and  neck  maneuverability  is 
mandatory  to  keep  the  (1  Km^)  competition  box  tar¬ 
gets  in  sight  at  all  times.  Extended  canopies  and 
rear  fuselage  cut-outs  avoid  any  airframe  struc¬ 
tural  restriction  of  head  position  and  movement. 
No  more  than  minimal  electrics  and  lightweight 
helmets,  at  best,  are  worn. 

Progressively  increasing  exposure  to  high  Gz  over 
weeks  is  the  norm.  Once  established,  adaptation 
to  high  -Gz  tolerance  requires  constant  and  con¬ 
tinuous  practice,  exercise  and  stressing.  After 
even  short  periods  off  flying,  a  return  of  the 
associated  auto- regulatory  adaptation  especially 
to  high  -Gz,  takes  days  to  re-develop.  Persisting 


vestibular  symptoms  are  not  a  problem.  Transient 
pilot-flight  "high-G  wobbles"  are  common  in  first 
exposure  to  violent  maneuvers,  but  rarely  last 
more  than  a  few  minutes. 

Unlike  Phillips'  (147)  case  which  was  under  high 
+Gz,  the  major  problem  in  unlimited  competition 
aerobatics  has  been  exposure  to  high  -Gz  tran¬ 
sients.  The  apparent  cause  is  brain  stem  sleeving 
(116).  Though  one  incident  (97)  at  the  Behkeschaba 
World  Championships  was  anecdotally  associated 
with  a  >-11Gz  push-through  (reproducing  Phillips' 
clinical  picture  1147]),  most  cases  have  occurred 
at  lower  recorded  -Gz  levels  (typically  7-8  -Gz) 
but  invariably  in  turbulence  or  during  over-rapid 
-Gz  familiarization. 

Clinical  presentation  is  as  an  acute  in-flight, 
usually  single  vector  related  vertigo.  This  con¬ 
tinues  once  back  on  the  ground.  It  settles  slowly 
and  spontaneously  over  the  next  2-8  weeks.  Clini¬ 
cal  review  and  determined  investigation  to  the 
limit  of  present  scanning  discrimination,  reveal 
no  more  than  occasional  fine,  irregularily  scat¬ 
tered  punctate  brain  stem  lesions.  Brain  stem  and 
somato- sensory  evoked  potentials,  echo-coch leogra- 
phy,  oto-acoustic  emissions  and  full  neuro¬ 
physiological,  -otological  and  -ophthalmological 
reviews  are  either  normal,  unhelpful  or  suggestive 
of  minor,  multifocal  brainstem  involvement  as  seen 
in  demyelination  but  with  relatively  rapid  and 
complete  recovery.  EEG  and  detailed  psychometry 
have  been  unhelpful. 

The  syndrome  is  best  managed  clinically  by  recog¬ 
nition,  definition,  explanation,  reassurance,  good 
humor  and  time  for  spontaneous  recovery.  One 
individual  had  repeated  symptoms  during  repeated 
returns  to  high  -Gz  aerobatic  training.  Though 
his  clinical  investigation  was  entirely  and  re¬ 
peatedly  normal,  it  was  felt  prudent  to  suggest 
alternative  activities.  Other  pilots  have  experi¬ 
enced  no  further  discomfort,  distress  or  incident 
and  have  distinguished  themselves  in  later  World 
Championships. 

The  -Gz  induced  VRV  syndrome  indicates  another 
portion  of  the  human  brain's  acceleration  toler¬ 
ance  envelope,  albeit  in  an  area  little  explored 
by  the  military  since  the  1940s.  Phillips' 
pilot's  full  recovery  (147)  suggests  the  brain 
stem  sleeving  phenomenon  can  be  reproduced  under 
high  +Gz,  though  just  where  this  sector  of  the 
brain's  failure  envelope  occurs  remains  to  be 
determined.  Personal  experience  of  repeated  short 
period  air  testing  to  +15Gz  produced  no  more  than 
transient  subjective  unease  on  returning  to  +1Gz. 
In  contrast,  the  X-15  +Gz  centrifuge  profiles  were 
prolonged.  Nevertheless,  the  possibility  of 
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sleeving  has  to  be  considered  when  operating  at 
<15+Gz.  Pilots  need  to  be  aware  of  it  and  pre¬ 
pared  to  make  an  instrument  return  and  approach  to 
touch  down  without  head  movement.  The  likely 
persistence  of  symptoms  after  the  aircraft  has 
come  to  a  halt  suggests  that  assisted  exit  from 
the  aircraft  is  prudent  lest  VRV  inadvertently  be 
elicited  causing  the  pilot  to  fall  and  occasion 
further  personal  or  airframe  damage. 

5.3  VESTIBULAR  FUNCTION  AND  CLINICAL  TESTING: 

The  peripheral  vestibular  system  provides  informa¬ 
tion  related  to  one's  orientation  in  space  using 
information  from  five  different  sources  located  in 
small  organs  in  each  inner  ear.  Three  of  these 
organs  sense  angular  acceleration  in  roughly 
orthogonal  planes  while  the  other  two  sense  spe¬ 
cific  forces  (linear  acceleration  and  gravity). 
This  peripheral  information  is  integrated  with 
that  of  other  senses,  including  vision  and  propri¬ 
oception  from  spinal  and  joint  mechano-ceptors,  to 
give  information  about  the  orientation  of  the 
individual  in  space  and  to  allow  for  appropriate 
compensatory  reflex  responses.  These  reflexes 
adapt  to  enhance  our  ability  to  cope  with  changing 
gravitational  and  postural  conditions.  The  three 
major  reflexes  involved  are  the  vestibulo-ocular, 
the  vestibulo-spinal,  and  the  vestibulo-cervical 
reflexes.  The  first  allows  one  to  keep  visual 
objects  of  interest  stable  on  the  retina  while  the 
others  maintain  head  stability  during  body  move¬ 
ment.  Reflex  movements  so  produced  can  be  used  to 
evaluate  responses  to  vestibular  stimuli.  The 
classical  description  of  the  reflexes  refer  to 
canal  functions. 

In  operational  situations,  it  is  unusual  for 
acceleration  conditions  to  occur  in  a  simple  form. 
One  will  never  be  exposed  to  an  unvarying  +Gz 
stress  without  even  small  linear  accelerations  in 
another  direction,  unless  the  subject  is  strapped 
in  a  rather  unusual  situation. 

When  considering  the  effect  of  sustained  linear 
acceleration  on  the  human  body,  and  especially  on 
the  vestibular  system,  it  can  be  expected  that 
some  modification  develops  in  the  human  response 
to  this  type  of  acceleration.  However,  if  modifi¬ 
cations  develop  in  the  vestibular  system,  these 
may  perhaps  not  remain  restricted  to  the  linear 
acceleration  perception  part,  but  also  affect  in 
one  way  or  another  the  rotational  acceleration 
perception  component  in  this  sytem. 

Sustained  microgravity  is  assumed  because  of 
altered  otolith  input  to  modify  the  postural 
control  mechanism.  Reschke  et  al  (156)  reported 
about  a  study  in  which  they  found  significant 


deviations  from  results  before  and  after  space 
flight  obtained  from  the  Hoffmann  reflex  and  the 
dynamic  posture  tests. 

When  microgravity  will  change  the  postural  behav¬ 
ior,  it  is  not  unreasonable  to  expect  also  changes 
in  this  behavior  following  prolonged  sustained 
acceleration  with  values  exceeding  1G. 

Testing  of  the  vestibular  function  with  basic, 
clinically  oriented  tests  are  time  consuming. 
This  hazard's  acceptance  by  pilots  and  is  further 
complicated  by  the  multiplicity  of  available 
equipment  and  the  sensitivity  of  test  interpreta¬ 
tion  to  individual  expertise. 

The  adaptive,  multi  sensory  and  integrative  nature 
of  the  vestibular  system  makes  it  difficult  for 
clinical  tests  either  singularly  or  in  batteries 
to  detect  the  initially  subtle,  chronic  modifica¬ 
tion  of  vestibular  function  likely  to  be  induced 
by  proposed  levels  of  repeated  exposure  to  HSG. 
The  inability  of  clinical  testing  to  detect  abnor¬ 
mal  vestibular  function  following  spatial  disori¬ 
entation  has  been  recently  reconfirmed  (167). 
Navy  Aeromedical  Research  Laboratory  (USA)  (NAMRL) 
files  of  pilots  suffering  spatial  disorientation 
were  reviewed.  Four  were  identified  of  which  one 
would  have  failed  the  initial  physical  examination 
had  appropriate  clinical  testing  been  undertaken. 
In  the  three  others,  one  a  survivor  of  a  spatial 
disorientation  incident,  neurological  examination 
and  all  subsequent  routine  investigations  were 
within  normal  limits.  However,  when  exposed  to 
motion  stimulation,  all  subjects  exhibited  abnor¬ 
mal  perceptual  responses  when  no  visual  references 
were  available,  with  excessive  and  prolonged  pitch 
and  roll  illusions.  Prior  to  testing,  the  pilots 
had  been  able  to  suppress  in-flight  illusions  by 
visual  reference.  Spatial  disorientation  then  had 
occurred  on  limited  panels  such  as  when  using 
night  vision  goggles  in  situations  likely  to 
promote  spatial  disorientation  even  in  normal 
subjects.  In  these  cases,  it  was  only  poor  flight 
performance,  repeated  spatial  disorientation  or 
actual  mishap  which  prompted  investigation. 
Perceptual  testing  of  spatial  orientation  has  been 
pursued  to  "identify  a  class  of  pilots  in  whom 
pathological  vestibular  processes  exist  that 
predispose  them  to  spatial  disorientation;  in 
effect,  vestibular  insufficiency.  Similar  exces¬ 
sive  magnitude  or  duration  of  illusory  perceptions 
have  been  related  to  motion  sickness  susceptibili¬ 
ty.  Enhanced,  perceived  pitch  magnitude  during 
centrifuge  start-up  and  stop  was  noted  in  motion 
of  susceptible  individuals  when  compared  to  immune 
subjects  (112)  though  Dobie,  in  a  thousand  case 
study  had  found  no  relationship  between  cupulogra- 
phy  and  air  sickness  susceptibility  (51).  More 
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recently,  a  closer  link  has  been  demonstrated 
between  perceptual  anomalies  and  spatial  disorien¬ 
tation  (167). 

The  origin  of  such  abnormal  perceptual  responses 
remains  obscure.  Are  they  "congenital",  resulting 
from  some  genetic  coding,  acquired  during  the 
early  stages  of  the  spatial  orientation  system 
maturation  or  the  result  of  late  vestibular  system 
pathology?  If  the  latter,  then  chronic  exposure 
to  HSG  might  induce  or  enhance  similar  changes. 
Though  there  is  no  evidence  in  the  literature,  the 
possibility  of  chronic  higher  acceleration  induced 
vestibular  pathologies  which  might  later  impair 
pilots'  performance  does  justify  surveillance  of 
those  flying  the  next  generation  of  high  G,  agile 
ai rcraft. 

5.4  CLINI(»L  SURVEILLANCE  OF  HPA  AIRCREW 

The  non-availability  of  normal  comparative  data 
and  the  absence  of  simple  tests  for  vestibular 
function  together  with  vestibular  interaction  with 
other  sensory  organs  has  resulted  in  the  accept¬ 
ance  and  training  of  pilot  candidates  who  were 
later  demonstrated  to  have  harbored  flight  incom¬ 
patible  vestibular  deficiencies  (167). 

Current  clinical  testing  depends  on  the  vestibular 
ocular  reflexes.  Separate  dynamic  eye  movement 
tests  are  compared  to  doll's  head  eye  movements. 
This  assessment  is  relatively  gross  as  such  test¬ 
ing  only  interrogates  the  vestibular  end  organ 
indirectly.  Vestibular  mediated  motor  responses 
are  next,  but  the  vestibular  contribution  is 
directed  by  visual,  somatosensory,  auditory,  and 
other  afferent  inputs.  Such  complications  have 
led  to  batteries  of  tests,  most  notably  the  elec¬ 
tronystagmography  (ENG)  test  battery  which  has 
evolved  over  40  years  but  still  has  deficiencies. 
The  caloric  test  has  the  ability  to  stimulate  one 
ear  at  a  time  using  minimal  equipment.  However, 
test  results  of  non-uniformity,  the  lack  of  a 
controlled  stimulus,  the  necessity  to  infer  ves¬ 
tibular  pathology  from  indirect  eye  movement 
observation,  the  inability  to  stimulate  more  than 
one  of  the  five  vestibular  components,  and  poor 
correlation  with  vestibular  and  oculomotor  models 
lead  to  reliance  on  personal  assessment  rather 
than  objective  testing. 

Prospective  vestibular  screening  of  individuals 
riding  in  centrifigues  or  flying  HPA  is  unlikely 
to  fare  any  better.  On  present  evidence,  a  great 
deal  of  effort  is  unlikely  to  produce  a  useful 
result. 

Nevertheless,  efforts  to  devise  effective  vestibu¬ 
lar  screening  programs  have  continued  and  been 


described  in  the  report  of  the  "working  group  on 
evaluation  of  tests  for  vestibular  function" 
(197). 

Tests  were  sequenced  to  minimize  adaptation.  The 
test  battery  was  administered  in  the  following 
order: 

1)  electronystagmography  (ENG  or  electro-oculo¬ 
gram  (EOG)  calibration; 

2)  saccade  test; 

3)  spontaneous  nystagmus  and  gaze-evoked  nystag¬ 
mus  test; 

4)  visual  pursuit  test; 

5)  positioning  and  positional  test; 

6)  caloric  test 

Only  qualitative  data  were  obtained,  the  interpre¬ 
tation  of  which  still  required  skill  and  experi¬ 
ence.  The  six  tests  were  lumped  as  "basic  vestib¬ 
ular  function  battery  category  A". 

Attempted  quantitative  testing  involved  calibrated 
recording  of  eye  movements  in  response  to  visual 
stimuli:  fast,  slow  and  static  positioning  to¬ 
gether  with  caloric  stimulation.  Equipment  in¬ 
cluded:  a  reclining  chair  or  examination  table; 

recording  electro-oculography  (EOG);  hot  and  cold 
calorics;  prevention  of  visual  fixation  in  a  dark 
room  by  Frenzel's  glasses  (+20D)  or  dark  goggles; 
and  calibrated  fixed  and  moving  targets  to  test 
static  gaze,  fast  (saccadic)  and  slow  (pursuit) 
eye  movements. 

The  following  problems  persist: 

1)  Lack  of  standardization  between  test  labora¬ 
tories,  little  agreement  on  the  magnitude  and 
duration  of  stimulation,  and  considerable  varia¬ 
bility  in  techniques. 

2)  DC-coupled  EOG  recordings  are  more  accurate, 
yet  many  widely-used  machines  still  employ  AC- 
coupled  recordings  even  though  AC-coupling  does 
not  accurately  record  static  eye  position. 

3)  Eyes  are  frequently  closed  despite  the  asso¬ 
ciated  inattention,  eye  elevation,  reduced  caloric 
response,  and  increased  recording  artifacts.  The 
alternatives,  a  darkened  room  or  light-tight 
goggles  or  lenses,  remain  to  be  standarized. 

4)  Open  loop  extended  water  irrigation  is  com¬ 
monly  used  for  caloric  testing  but  with  no  uni- 
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form,  standardized  temperature  or  duration.  Host 
clinics  tend  to  test  with  water  temperatures  of 
30°  and  44°C  for  30  seconds. 

5)  The  presence  of  nystagmus  may  be  inferred 
from  strip-chart  records,  scoring  by  hand  methods, 
or  displayed  on-line  by  sophisticated  computation¬ 
al  programs.  Standardized  test  criteria  for 
recording  and  averaging  data  for  the  evaluation  of 
ocular  responses  have  yet  to  be  agreed.  After 
hand  and  doll's  head  eye  movement  testing.  Hall- 
pike  and  Dix  vestibulo-cervical  testing  is  the 
simplest.  From  the  sitting  position,  the  individ¬ 
ual  is  laid  down  and  the  head  immediately  turned 
fully  to  either  side  and  held  there.  Observed 
nystagmus  and  subjective  vertigo  is  sought. 
Simple  head  rotation  to  left  or  right,  then  held 
there  for  one  minute  seems  to  give  as  much  infor¬ 
mation.  Head  rotation  has  to  be  repeated  to 
either  side. 

Vertigo  and  nystagmus  provoked  by  this  test  are 
assumed  to  be  generated  from  the  cervical  proprio¬ 
ceptive  afferent  system,  even  though  marked  head 
acceleration  and  rotation  is  involved.  Not  sur¬ 
prisingly,  sensitivity  is  variable  and  specificity 
poor,  resulting  in  many  false  positives  and  nega¬ 
tives.  This  order  of  performance  would  stultify 
any  prospective  study. 

Nevertheless,  as  about  60%  of  all  proprioceptive 
sensors  in  the  human  body  are  located  in  the  neck, 
and  the  potential  for  cervical  based  vestibular 
and  ENT  symptoms  described  under  Gz  (135,  176), 
careful  review  (accepting  the  above  reservations) 
of  all  HPA  and  agile  aircrew  developing  vestibular 
systems  is  prudent.  A  central  registry  is  indi¬ 
cated  whilst  at  the  same  time  work  should  continue 
to  standardize  vestibular  testing  and  explore  the 
perceptual  dimension  of  orientation.  As  proposed 
by  Rupert  (167),  this  is  the  most  promising  route 
to  quantitative  and  reproducible  vestibular  system 
testing. 

5.5  ALTERNATIVES  TO  FORMAL  VESTIBUUR  TEST  BAT¬ 
TERIES: 

Spatial  orientation  as  a  means  of  vestibular 
testing,  using  motion  devices  and  advanced  disori¬ 
entation  trainers  could  be  combined  with  the 
routine  centrifuge  training  of  agile  and  HPA 
aircrew.  The  latter  is  becoming  common  place 
throughout  the  NATO  HPA  community  with  disorienta¬ 
tion  trainers  often  integrated  into  centrifuge 
training  facilities.  Development  of  a  standard 
vestibular  test  protocol  to  be  incorporated  into 
the  disorientation  training  should  be  required 
together  with  a  means  of  recording  and  reporting 
the  results  to  a  central  NATO  database  for  annual 


audit  and  review.  Such  testing  would  allow  long¬ 
term  prospective  testing  as  well  as  picking  up 
chronic  deterioration  in  vestibular  performance 
and  allowing  the  documentation  of  acute  vestibular 
complications  in  centrifuge  training  and  HPA 
operations. 

The  feasibility  of  such  a  program  should  be  pur¬ 
sued  with  Dr  Rupert  of  NAMRL  (U.S.)  and  a  survey 
of  centrifuge  and  disorientation  training  facili¬ 
ties  undertaken.  The  difficulty  of  designing  and 
validating  a  test  protocol  which  could  be  pursued 
on  each  and  everyone  of  the  many  and  various 
motion  devices  available  in  NATO  training  centers 
should  not  be  underestimated.  But  this  is  the 
most  promising  avenue  to  pursue  as  well  as  ad¬ 
dressing  the  duty  of  care  issues  for  the  pilots  of 
the  next  generation  of  HPA. 

5.6  CONCLUSION: 

There  is  little  evidence  to  date  of  HPA/HSG  relat¬ 
ed  peripheral  (end  organ)  vestibular  damage.  In 
anatomical,  physiological  and  neuropathologica I 
terms,  brain  stem  axial  sleeving  is  likely  to  be 
the  first  central  nervous  system  failure  boundary 
to  be  encountered  in  the  <15+Gz  domain.  Other 
areas  of  concern  including  enhancement  of  cerebel¬ 
lar  ectopia  [Chiari  malformation]  and  cranio¬ 
cervical  CSF  circulatory  disturbances,  have  not  so 
far  proved  a  problem.  Simple  routine  vestibular 
surveillance  through  disorientation  training, 
testing,  and  performance  recording,  incorporated 
into  the  disorientation  training  component  of  HPA 
operations  is  recommended. 
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CHAPTER  6 

CONSIDERATIONS  FOR  TOPICAL  RESEARCH  PROJECTS 

6.1  INTROXICTION 

The  requirement  to  conduct  prospective  research  on 
the  prevalence  of  spinal  disorders  in  aircrew  of 
fighter  aircraft  is  difficult  to  determine.  The 
high  G  environment  that  fighter  pilots  are  exposed 
to  potentially  can  cause  permanent  spinal  disor¬ 
ders.  Despite  this,  the  evidence  suggests  that 
spinal  injury  is  not  common  at  high  G;  i.e., 
clinically  reported  injuries  are  few.  If  spinal 
injuries  are  occurring,  they  are:  (a)  not  report¬ 
ed  by  pilots  for  fear  of  losing  their  flying 
status;  or  (b)  subclinical  process  rarely  mani¬ 
fested  acutely,  but  delivering  a  cumulative  in¬ 
sult,  the  results  of  which  may  become  clinically 
evident  in  the  fighter  pilot  population  several 
decades  from  now. 

Since  the  mid  1960's,  offensive  and  defensive  high 
performance  jet  aircraft  tactics  frequently  sub¬ 
ject  pilots  to  high  G  levels.  No  prospective 
studies  have  been  done  to  determine  the  long  term 
effects  of  high  G  levels  on  the  aviators  in  these 
aircraft.  The  skeletal  system  is  especially 
important  because  of  potential  cumulative  trauma 
effects.  Some  acute  problems  have  been  previously 
reported,  but  these  have  been  limited  to  the 
cervical  spine  and,  except  where  fractures  were 
present,  were  self - 1 imi ting  (sprains,  strains, 
occasional  temporary  neurological  deficit).  (8, 
101,  109,  168,  169,  191) 

6.2  STUDIES  INSPIRED  BY  THIS  WORKING  GROUP: 

A  study  was  carried  out  that  searched  USAF  separa¬ 
tion  files  in  pilots.  No  significant  differences 
were  found  between  aerobatic  and  non- aerobatic 
pilots.  A  retrospective,  cross-sectional  study  of 
twenty  subjects  who  had  ridden  the  centrifuge  five 
to  ten  years  ago  and  who  had  at  least  100  centri¬ 
fuge  exposures  was  also  conducted.  Two  control 
groups  were  used.  The  first  consisted  of  twenty 
hypobaric  research  subjects  while  twenty  airmen, 
matched  for  age,  sex,  and  job  specialty  formed  the 
second  group.  The  small  numbers  involved  allowed 
100%  of  the  questions  (Appendix  B)  distributed  to 
be  returned.  Centrifuge  exposure  was  not  predic¬ 
tive  of  back  problems.  The  results  of  this  study 
were  presented  to  the  1993  Annual  Aerospace  Medi¬ 
cal  Association  Meeting  (195). 

Another  study  surveyed  the  medical  requirements 
(if  any)  for  pilots  to  fly  high  performance  air¬ 
craft.  This  survey  was  conducted  in  support  of 


AGARD  by  the  Armstrong  Laboratory,  Brooks  Air 
Force  Base,  Texas  (U.S.)  and  included  aeromedical 
departments  of  29  NATO  nations  that  fly  HPA.  The 
questionnaire  used  for  this  study  can  be  found  at 
Appendix  A.  This  survey  has  been  completed  with 
preliminary  results  reported  at  the  41st  Interna¬ 
tional  Congress  of  Aviation  and  Space  Medicine, 
12-16  Sep  1993,  Hamburg,  Germany.  Twenty  of  the 
29  nations  queried  responded.  Screening  methods 
included  history,  physical  examination  and  spinal 
x-ray.  CT,  MRI,  or  EMG  were  not  used  by  any 
nation.  Disqualifying  defects  were  consistent 
among  nations.  Eighty  percent  of  the  countries 
considered  musculoskeletal  injury  of  HPA  pilots  as 
a  serious  problem.  Although  the  effectiveness  of 
screening  methods  were  debatable,  spinal  screening 
was  considered  useful  in  selecting  pilots  of  HPA 
(160).  In  addition  to  this  study,  a  cross-section¬ 
al  study  of  retiring  and  separating  U.S.  aircrew 
of  all  USAF  aircraft  is  planned  by  the  Armstrong 
Laboratory. 

Other  nations  are  also  interested  in  the  problem. 
A  small  longitudinal  study  of  30  F-16  pilots  is 
being  carried  out  by  the  Greek  Air  Force.  The 
Belgian  and  Norwegian  air  forces  are  also  screen¬ 
ing  their  pilots  and  eliminating  those  considered 
unsuitable  for  HSG  flight.  They  are  also  monitor¬ 
ing  those  pilots  selected  for  HSG  and  will  hope¬ 
fully  publish  their  experiences  at  sometime  in  the 
near  future. 

6.3  SPECIFIC  CONSIDERATIONS  FOR  FUTURE  STUDY 
DESIGN 

6.3.1  Introduction: 

AGARD  Working  Group  13  (similar  in  creation  to 
this  one)  has  been  conducting  a  study  of  possible 
cardiovascular  problems  resulting  from  exposure  to 
HSG.  The  recommendations  made  by  that  group 
(AGARD  AR-297)  led  to  an  ongoing  study.  The 
experiences  of  those  conducting  that  study  are 
valuable  to  any  group  seeking  to  initiate  an 
international  collaborative  research  effort  such 
as  that  discussed  in  this  AR.  Therefore,  a  meet¬ 
ing  was  held  on  18  Dec  1991  at  the  Armstrong 
Laboratory  with  many  of  those  persons  involved  in 
designing  and  conducting  that  study.  A  summariza¬ 
tion  of  that  meeting  follows. 

6.3.2  General  Concerns: 

The  following  general  concerns  were  identified. 
When  the  study  protocol  is  developed,  there  is  a 
need  to  have  a  clear  idea  of  what  the  study  is 
trying  to  prove;  i.e.,  how  the  data  will  be  used. 
Problems  may  be  encountered  in  (a)  identifying  the 
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population  at  risk,  and  (b)  relating  specific 
injuries  to  flying  HPA.  A  preliminary  study  of 
retrospective  data  may  assist  in  designing  the 
definitive  prospective  study.  If  a  protocol  is 
written  with  procedures  set  out  too  specifically, 
then  problems  may  occur  later  if  these  procedures 
are  unmakeable  and  need  to  be  modified.  Care  must 
be  taken  in  formatting  historical  data.  Differ¬ 
ences  in  nationalities  can  create  problems;  e.g., 
football  in  Europe  is  soccer  in  the  U.S.  and  quite 
different  from  Canadian  or  American  football.  Be 
sure  when  designing  a  questionnaire  to  have  a 
definitive  standardized  quantification  measure  for 
sports  so  that  the  level  of  activity  can  be  accu¬ 
rately  assessed. 

6.3.3  Spine  Study  Concerns: 

Selection  of  an  appropriate  control  group  is  vital 
to  the  success  of  any  study  seeking  to  identify  an 
effect  of  HSG  on  the  spine.  A  good  history  from 
each  subject  is  essential  as  one  of  the  risk 
factors  for  spine  problems  is  inheritance.  Par¬ 
ticipating  in  sports  activities  may  already  have 
increased  individual  subject's  risks,  thus  quanti¬ 
fication  of  previous  sports  activities  is  extreme¬ 
ly  important.  While  an  incidence  study  of  neck 
problems  is  most  urgent,  the  opportunity  to  col¬ 
lect  data  on  the  whole  spine  should  not  be 
ignored. 

A  well  designed  study  will  most  likely  include 
some  sort  of  imaging.  In  light  of  the  many  prob¬ 
lems  of  interpreting  spinal  images,  a  centralized 
diagnostic  study  should  be  considered  to  reduce 
variability  in  interpreting  films.  One  copy  of 
each  film  could  be  mailed  to  an  independent  diag¬ 
nostic  center. 

As  all  adults  older  than  16  years  have  some  degree 
of  degenerative  disease  of  the  spine  and  have  a 
high  chance  of  past  back  injury,  the  question  of 
selection  of  study  subjects  is  extremely  diffi¬ 
cult.  If  the  criteria  for  inclusion  are  too 
strict  (e.g.,  no  previous  history  of  spinal  disor¬ 
ders),  then  a  large  number  of  potential  subjects 
could  be  eliminated,  and  the  numbers  necessary  to 
identify  significant  differences  between  the 
control  and  study  groups  impossible  to  achieve. 
An  important  question  is  whether  or  not  aircrew 
with  a  history  of  previous  ejections  or  accidents 
should  be  included.  The  forces  generated  by 
catapult  launches  off  naval  aircraft  carriers,  and 
assisted  landings  are  also  a  possible  confounding 
factor.  A  count  of  the  number  of  such  landings 
and  takeoffs  could  be  useful. 


The  data  collected  should  be  analyzed  to  determine 
the  variability  of  inter-individual  controls. 
This  information  is  necessary  to  determine  the 
size  of  the  subject  and  control  groups.  If  varia¬ 
bility  is  too  high,  then  the  large  numbers  of 
subjects  required  to  identify  significant  differ¬ 
ences  between  controls  and  subjects  will  preclude 
completion  of  the  study. 

As  large  number  of  subjects  will  need  be  surveyed, 
a  successful  study  will  most  likely  be  a  multi¬ 
service,  international  study.  Continuous  monitor¬ 
ing  will  be  necessary  to  assure  similar  standards 
between  diagnosticians  of  all  participating  coun¬ 
tries.  This  is  particularly  important  if  MR  is 
used  as  a  diagnostic  method. 

The  valuable  information  available  from  plain  x- 
rays  means  that  this  method,  regardless  that  newer 
imaging  techniques  are  available,  will  likely  be 
used  in  any  definitive  study.  If  x-rays  are  used 
for  research  purposes,  rather  than  diagnosis  and 
treatment,  then  the  radiation  hazard  of  x-rays 
necessitates  obtaining  informed  consent  from  study 
participants.  Although  MR  is  much  less  hazardous, 
the  interpretation  of  MR  images  is  much  more 
difficult. 

Inevitably,  any  study  that  is  conducted  will 
identify  pathology  in  the  study  participants.  In 
common  with  any  study  of  this  type,  the  subsequent 
disposal  of  such  participants  creates  a  critical 
dilemma.  If  a  pathology  is  identified  that  in¬ 
creases  the  subject's  risk  of  injury  due  to  HSG, 
then  it  is  a  duty  of  care  of  the  physicians  in¬ 
volved  in  the  study  to  ground  these  individuals. 
However,  if  such  a  policy  is  adopted,  then  very 
few  pilots  will  volunteer  as  they  have  concerns  of 
being  grounded.  Under  such  circumstances,  it 
would  be  difficult  to  obtain  enough  volunteers  to 
conduct  a  successful  study.  The  duty  of  care 
needs  to  lifted  from  the  physicians  running  the 
study  by  a  higher  level  policy  decision,  implied 
by  protocol  approval  at  a  high  level  of  military 
command. 

6.3.4  Vestibular  Study  Concerns: 

A  vestibular  study  is  considered  more  difficult  to 
conduct  than  a  spinal  study.  Acute  injuries  to 
the  vestibular  system  either  heal  or  are  compen¬ 
sated  for  by  the  CNS  making  detections  of  previous 
injuries  almost  impossible.  Where  symptoms  are 
manifest,  it  is  often  difficult  to  diagnose  cause. 
Although  a  vestibular  study  would  complicate  a 
spinal  study,  the  opportunity  to  investigate  the 
vestibular  system  should  not  be  lost  if  the  effort 
is  taken  to  organize  a  definitive  spinal  study. 


Some  techniques  that  could  be  used  for  a  vestibu¬ 
lar  study  include: 

1)  Screening  platform  posturography  with  accom¬ 
panying  EMG  measurements  of  forearm  or  calf  mus¬ 
cles.  This  test  quantifies  data  from  the  func¬ 
tional  visual,  vestibular  and  proprioceptive 
systems.  The  instrumentation  needed  is  commer¬ 
cially  available,  computer  driven,  and  simple  to 
administer.  This  test  could  be  used  for  both 
cross-sectional  and  longitudinal  studies. 

2)  Evoked  otoacoustic  emissions  and  electroco- 
chleography  measure  the  micro-electrical  milieu 
and  would  afford  excellent  tools  for  both  cross- 
sectional  and  longitudinal  studies  attempting  to 
identify  a  HSG  effect  on  the  cochlea. 

3)  Subjects  riding  centrifuges  offer  an  accessi¬ 
ble  group  already  indoctrinated  into  the  process 
of  participating  in  a  research  program  who  could 
form  the  basis  of  a  preliminary  investigation.  A 
previous  ENG  study  (206)  did  show  post  G  effects 
for  up  to  10  days. 

As  there  has  been  little  widespread  awareness  or 
practical  experience  of  vestibular  dysfunction 
among  pilots  as  a  group,  they  may  be  difficult  to 
entice  into  a  research  program  in  the  absence  of  a 
clear  operational  problem. 
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APPENDIX  A 


SPINAL  SCREENING  OF  NATO  FIGHTER  PILOTS: 

A  COHPARISON  BETWEEN  THE  MEDICAL  REQUIREMENTS  OF 
NATO  NATIONS 

BACKGROUND 

The  United  States  Air  Force  School  of  Aerospace 
Medicine  in  support  of  the  Advisory  Group  for 
Aerospace  Research  &  Development  (AGARD)  is  con¬ 
ducting  a  study  to  help  determine  those  fighter 
pilots  who  are  at  risk  for  developing  spinal  or 
back  injury  as  a  result  of  flying  high  performance 
aircraft.  We  are  surveying  the  various  countries 
that  fly  high  performance  aircraft  to  collect  data 
on  whether  or  not  these  countries  screen  their 
high  performance  pilot  candidates  for  spinal 
abnormalities.  The  following  questions  will  help 
us  in  our  study: 

QUESTIONS 

1.  What  type  of  high  performance  fighter  aircraft 


does  your 

country  fly? 

_  F-14 

_  F-5 

_  Tornado 

_  F-15 

_  Mi  rage 

F-1 

_  Mig-21 

_  F-16 

_  Mi  rage 

5 

_  Mig-29 

_  F-18 

_  Mi  rage 

2000 

_  Mig-31 

_  F-4 

_  Jaguar 

_  Su-27 

Other  fighter  aircraft  (please  list): 


herniated  disc  (HNP) 

fracture  or  dislocation  of  vertebrae 

spina  bifida 

osteomyelitis  of  vertebrae 
recurrent  disabling  back  pain 
fusion  of  two  or  more  vertebrae 
other  (please  list): 


4.  Does  your  country  consider  spinal  or  back 
injury  a  problem  in  the  pilots  who  fly  the  high 
performance  aircraft?  _  Yes  _  No 

Please  explain: 


5.  If  you  screen  your  high  performance  pilot 
candidates  with  physical  examinations,  x-rays,  CT 
scan,  or  MRI,  do  you  feel  this  has  decreased  the 
incidence  of  spinal  or  back  injury  in  your  high 
performance  aircraft  pilots?  _ Yes  _ No 

Please  explain: 


2.  Do  you  screen  the  spinal  column  of  your  high 
performance  pilot  candidates  with  any  of  the 
following: 


physical  examination  Yes  No 

radiographs  (x-rays)  Yes  No 

computer  tomography  (CT  scan)  _  Yes  No 

magnetic  resonance  imaging  (MRI) _  Yes  _  No 

electrophysiology  (EMG)  Yes  No 


3.  What  back  abnormalities  are  disqualifying  for 
your  high  performance  pilot  candidates?  Please 
list: 

_  arthritis  of  spine 

_  scoliosis:  _  degrees 

_  lordosis  (symptomatic) 

_  kyphosis  (symptomatic) 

_  spondylolisthesis  (symptomatic) 

_  spondylolysis  (symptomatic) 


Thank  you  for  your  assistance.  If  you  have  any 
questions  or  if  we  can  provide  any  further  in¬ 
structions,  please  contact: 


Lt  Col  Herminio  Cuervo,  HD 
Major  Douglas  Robb,  DO 
AL/AOCN 

2507  Kennedy  Circle 
Brooks  AFB  TX  78235-5117  USA 
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DEPARTMENT  OF  THE  AIR  FORCE 

ARMSTRONG  LjABORATORY  (AFMC) 
BROOKS  AIR  FORCE  BASE.  TEXAS 


4  Dec  92 


AL/AOCN 

2507  Kennedy  Dr 

Brooks  AFB  TX  78235-5117 


Dear  Colleague 

At  the  Clinical  Sciences  Division  of  the  Armstrong  Laboratory  under  the 
direction  of  Colonel  James  R.  Hickman  (MD),  and  in  collaboration  with  AGARD, 
we  are  conducting  a  study  into  the  effects  of  gravitational  acceleration  on 
the  vertebral  column  of  aviators. 

As  part  of  this  project,  we  are  conducting  a  survey  of  the  various  air  forces 
who  operate  high  performance  combat  jets.  We  are  interested  in  obtaining 
informatidn  about  selection  criteria  applied  to  the  vertebral  column  of  pilot 
candidates  and  the  utilization  of  surveillance  methods  for  high  performance 
pilots . 

The  US  Air  Force  does  not  employ  selection  criteria  for  the  spinal  column.  We 
have  developed  the  attached  questionnaire  to  assist  us  in  gathering  data  for 
this  phase  of  the  project. 

Your  assistance  in  the  timely  completion  and  mailing  of  this  questionnaire 
will  be  greatly  appreciated.  We  will  happily  share  the  results  with  the 
participants  of  the  study,  which  will  be  submitted  for  publication. 

Thank  you  very  much  for  your  kind  help. 


Sincerely 


HERMINIO  CUERVO,  Lt  Col,  USAF,  MC,  SFS 
Chief,  Neurology  Function 


1  Atch 

Questionnaire 


44 


APPENDIX  B 

CROSS-SECTIONAL  STUDY  OF  RETIRING/SEPARATIHG 
U.S  AIRCREU  FOR  SPINAL  DISORDERS 

A  cross-sectional  study  of  retiring  and  separating 
aviators  shall  be  done  to  determine  the  need  for  a 
twenty  year  follow-up  study  of  aviation  cadets. 

A  standardized  questionnaire  and  physical  examina¬ 
tion  will  be  administered  to  all  retiring  and 
separating  aviators  at  the  time  of  their  exit 
physical  examination.  The  total  number  of  sub¬ 
jects  in  the  survey  will  be  determined.  The 
physician  administering  the  questionnaire  will 
record  any  history  of  back  or  neck  injury, 
sprains,  strains,  fractures,  etc.  The  physical 
examination  in  asymptomatic  subjects  will  consist 
of  (as  per  Dr.  Gonzales,  Rehabilitation  Center  of 
South  Texas):  full  range  of  motion  of  neck  and 
lower  back  in  all  three  planes  measured  with  an 
inclinometer,  straight  leg  raising,  attention  to 
posture  (scoliosis,  kyphosis,  etc.)  and  an  exami¬ 
nation  of  the  peripheral  nervous  system  (as  relat¬ 
ed  to  limbs).  Those  as^ptomatic  subjects  who 
have  abnormal  physical  findings  on  the  screening 
examination  will  be  referred  to  the  Neurology 
Department  of  Uilford  Hall  USAF  Medical  Center  for 
a  final  determination  of  disability  (same  as 
symptomatic  subjects  who  meet  a  Physical  Evalua¬ 
tion  Board).  Subjects  with  a  history  of  non¬ 
aviation  traumatic  back  injury  (e.g.:  motor  vehi¬ 
cle  accident,  sports  trauma,  etc.)  will  be  identi¬ 
fied  with  the  analysis.  A  questionnaire,  similar 
to  the  physician  administered  questionnaire,  will 
ask  the  examinee  if  the  examining  physician  car¬ 
ried  out  the  various  required  portions  of  the  exit 
examination. 

Individuals  found  to  have  spinal  problems  through 
the  above  mentioned  evaluations  and  referred  to 
Wilford  Hall  Medical  Center  for  further  study, 
will  have  at  least  the  following  included  in  their 
second  phase  evaluations:  complete  neurological 
evaluation,  neck  and  lumbar  range  of  motion  three 
planes  straight  leg  raising,  MRI  using  the  comput¬ 
erized  "atlas"  technology  with  volumetric  recon¬ 
structions  and  intervertebral  disc  data.  EMGs, 
nerve  conduction  studies,  and  circumferences  of 
arms  (if  cervical)  or  legs  (if  lumbar).  Other 
studies  may  be  done  as  indicated. 

All  questionnaires,  physical  examination  and 
special  study  results  will  be  sent  to  the  primary 
investigator  at  the  Armstrong  Laboratory,  Brooks 
Air  Force  Base,  for  storage  and  analysis.  We  will 
analyze  the  results  with  a  multiple  logistic  risk 
formula  or  a  Cox  proportional  hazards  model.  The 


independent  variables  will  be:  actual  flight 
hours  in  high  performance  aircraft,  smoking  histo¬ 
ry,  height  (stature),  obesity  index,  age,  family 
and  personal  history  of  back  disability.  The 
dependent  variable  will  be  compensation  for  spinal 
injury  (neck  or  back)  at  separation/retirement. 

There  is  no  immediate  risk  to  the  participants 
since  this  is  a  questionnaire  and  physical  exami¬ 
nation  survey.  The  results  of  either  cannot  harm 
the  participants'  military  careers,  since  they 
will  be  in  the  process  of  exiting  the  military. 
Pilots  applying  for  flying  jobs  with  commercial 
carriers  may  be  at  risk  if  asymptomatic  abnormali¬ 
ties  are  found. 

There  is  no  consent  statement  required  for  this 
project  since  there  is  no  hazard  to  the  partici¬ 
pants.  This  is  merely  part  of  the  routine  separa¬ 
tion/retirement  physical  examination  which  should 
be  done  anyway.  The  report  shall  include  only 
summary  statistics  with  no  unique  identifiers. 


APPENDIX  C 

AGARD  SPINAL  EXAMINATION  WORK  SHEET 

All  data  must  be  entered  ^  of  the  date  of  the 
spine  exawination 
(CROSS-SECTIONAL  STUDY  ONLY) 

A.  SUBJECT  GENERAL  INFORMATION: 

1.  Subject  Identification  Number 

_ / _ / _ 

country  code  alphanumeric  5  digit  identifier 

Country  Codes:  01  Belgium  02  Canada  03  Denmark 

04  France  05  FRG  06  Greece  07  Italy 

08  Netherlands  09  Norway  10  Portugal  11  Spain 

12  Turkey  13  UK  14  USA  15  Sweden 

16  Other 

2.  Date  of  Birth:  _ / _ / _  (mo/day/yr) 

3.  Height:  _ cm  Weight:  _  kg 

4.  Nationality  of  pilot:  _  (use  country 

codes) 

5.  Country  in  which  study  was  done:  _  (use 

country  codes) 

6.  Sex:  _  M  _  F 

7.  Present  Pilot  Situation: 

_  a.  Pilot  presently  flying 

_  b.  Pilot  not  presently  flying 

_  c.  Pilot  leaving  service 

8.  Flight  Experience; 

Aircraft  Dates  Flown  Approx  Total 

#  (*)  (month/year)  (flight  hours) 


(*)  See  Appendix  C-A 

B.  SUBJECT  SPINAL  HISTORY: 

1.  Pilot  has  had  clinically  diagnosed  spinal 
problems: 

_  Yes  (explain)  _  No 


3.  X-rays/MRl  taken?  (dates/location): 

_  a.  Conjunction  with  suspected  spinal 

problems  (if  yes,  explain): 

_  b.  Not  in  conjunction  with  suspected 

spinal  problems 

_  c.  Diagnosis  (dates) 

4.  Aircraft  Ejection  Injury  History 

a.  Spinal  X-rays  taken?  _ Yes 

(explain)  _  No 

Date _  Location  (Clinic/hospital 

address ) _ 

b.  Boney  Spinal  Involvement  _ Yes 

(explain)  _  No 

F  racture/Compress i on _ 

Vertebra  location(s} _ 

c.  Interrupted  Flying?  _  Yes  (explain) 

_  No 

Duration  grounded  (days)  _ 

Date  returned  to  flying  _ 

C.  EXERCISE  AND  PHYSICAL  HISTORY: 

1.  See  attached  Exercise  Questionnaire 
(Appendix  C-B) 

2.  Sport/Physical  Injury  _  Yes  (explain) 

_  No 

a.  Involve  Boney  Spine  _  Yes  (explain) 

_  No 

F  racture/Compress i on _ 

Vertebra  number/ location _ 

b.  Spinal  X-rays  taken? _  Yes  (explain) 

_  No 


Date  _  Location  (Clinic/hospital 

address ) _ 


2.  Clinical  diagnoses  (dates) 


APPENDIX  C-A 


LIST  OF  NATO  AIRCRAFT 


1.  Temoin  -  Non  pitot 

2.  A  3 

3.  A  4 

4.  A  5 

5.  A  6 

6.  A  7 

7.  A  10 

8.  Alize 

9.  Alpha  Jet 

10.  AMX 

11.  Andover 

12.  AT  37 

13.  Avio  Jet 

14.  Atlantic 

15.  Azor 

16.  B  1 

17.  B  52 

18.  B  57-66 

19.  8  707  -  C  135,  137  E3 

20.  B  727  -  C  22 

21.  B  737  -  T  43 

22.  B  747  -  E  4 

23.  BA  146 

24.  BAC  111 

25.  Belfast 

26.  Buccaneer 

27.  Buffalo 

28.  C  1  -  Tracker 

29.  C  5 

30.  C  9  -  DC  9 

31.  C  47,  117  -  Dakota 

32.  C  101 

33.  C  118  -  DC  6  -  DC  7 

34.  C  119 

35.  C  123 

36.  C  124 

37.  C  140  -  Jet  Star 

38.  C  141 

39.  C  212 

40.  Cambera 

41.  Challenger 

42.  Caribou 

43.  CF  100 

44.  CL  215 

45.  CP  107 

46.  CT  39  -  C  20  -  C  21 

47.  DC  8 

48.  Devon  Sea 

49.  Draken 

50.  E  3  -  Hawkeye 

51 .  Etendard  4 

52.  F  4  Phantom 

53.  F  5  Tiger  T  38 

54.  F  8  Crusader 

55.  F  14 

56.  F  15 


57.  F  16 

58.  F  18 

59.  F  84 

60.  F  86 

61.  F  100 

62.  F  101 

63.  F  102 

64.  F  104 

65.  F  105 

66.  F  106 

67.  F  111 

68.  Falcon  10,  20,  50,  900 

69.  Fouga 

70.  Fouga  Magister 

71.  G  91 

72.  G  222 

73.  Gnat 

74.  Harrier-Sea 

75.  Hawk 

76.  Hercules  C  130 

77.  HS  125 

78.  Hunter 

79.  Jaguar 

80.  KC  97 

81.  Lightning 

82.  MB  326 

83.  MB  339 

84.  Mirage  2000 

85.  Mirage  3 

86.  Mirage  4 

87.  Mirage  5 

88.  Mirage  FI 

89.  MS  760 

90.  Mystere  4 

91.  N  2501 

92.  N  262 

93.  Nimrod 

94.  P  3  -  Orion 

95.  P  166 

96.  PD  808 

97.  Pembroque 

98.  S  3  -  Viking  -  C2A 

99.  S  211 

100.  SMB  2 

101.  Super  Etendard 

102.  T  33 

103.  Tornado 

104.  Transall  -  C  160 

105.  Tutor 

106.  VC  10 

107.  Venom 

108.  Vulcan 

109.  Helicopteres 

110.  Other  light  a/c 

111.  Other  transport  a/c 


Marching,  rapid 
Masculation  :  circuit  (Men) 
Masculation  :  circuit  (Women) 


EXERCISE  QUESTIONNAIRE  {page  2  of  2) 


Identification  number; 

Country  Code:  _ 

Birthdate:  /  / 


ACTIVITY 

#  hrs 
per  day 

3  days 
per  week 

Dates  ( 
Began 

mo/year) 

Ended 

Running,  cross  country 

Running,  level,  5'30  per  mile 

Running,  level,  6'  per  mile 

Running,  level,  7'  per  mile 

Running,  level,  8'  per  mile 

Running,  level,  9'  per  mile 

Running,  level,  ll'SO  per  mile 

Scuba  diving,  moderately  active 

Scuba  diving,  very  active 

Skiing-hard  snow/on  hill/max  speed 

Skiing-hard  snow/on  flat/walking 

Skiing-on  flat/moderate  speed 

Skiing-powdered  snow/leisure  (Men) 

Skiing-powdered  snow/leisure  (Worn) 

Snow  shoeing,  powdered  snow 

Soccer,  European  football 

Squash 

Swimming  :  breast  stroke 

Swimming  :  crawl,  leisure 

Swimming  :  crawl,  fast 

Swimming  :  backstroke 

Swimming  :  sidestroke 

Swimming  :  treading,  normal 

Swimming  :  treading,  fast 

Table  tennis 

Tennis 

Vol 1 eybal 1 

Walking  :  plowed  field 

Walking  ;  fields  &  hillsides 

Walking  :  asphalt  road 

Wal  ki  ng  :■  grass  track 

Weight  training 
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CHAPTER  7 

RECOMMENDATIONS 

7.1  INTRODUCTION: 

Since  this  review  is  concerned  with  long-term 
effects  of  sustained  G  on  two  entirely  different 
anatomical/physiologic  systems;  i.e.,  musculo¬ 
skeletal  (primarily  the  spine)  and  vestibular 
(principally  the  otoliths),  each  will  be  consid¬ 
ered  separately  regarding  recommendations  for: 

(a)  the  need  for  specific  actions  and,  if  needed; 

(b)  what  those  actions  should  require. 

7.2  SPINAL  SYSTEM: 

Working  Group  17  was  formed  to  write  this  AR  317 
with  directions  to  focus  primarily  on  the  long¬ 
term  effects  of  HSG.  In  spite  of  the  fact  that 
information  is  not  available  that  establishes 
causal  relationship  between  long  term  effects  of 
the  spine  and  HSG,  we  recommend  several  courses  of 
action  that  still  seem  prudent.  Also,  it  became 
apparent  that  acute  symptoms  of  spinal  injury 
commonly  occur  in  HPA  pilots.  Indeed,  considering 
the  propensity  of  evidence  of  acute  neck  injury 
and  its  significant  effect  on  operations,  this 
chapter  includes  recommendations  for  dealing  with 
both  chronic  and  acute  spinal  problems. 

7.2.1  Spine  Study  Requirements: 

Primary  concerns  involve  the  collection  of  addi¬ 
tional  data  regarding  spine  degenerative  changes 
as  they  relate  to  repeated  HSG  exposure.  Prompt¬ 
ing  the  direction  is  that  the  information  on  this 
subject  is  contradictory  involving  small  subject 
numbers;  i.e.,  an  epidemic  of  significant  spinal 
diseases  in  fighter  pilots  does  not  at  present 
exist.  It  is  clear,  therefore,  if  HSG  does  cause 
spinal  diseases,  the  incidence  is  not  very  high. 
Yet,  future  HPA  that  are  capable  of  higher  levels 
of  sustained  G,  would  benefit  from  detecting  low- 
level  of  occurrence,  thereby,  providing  some 
warning  of  future  problems.  Also,  there  is  always 
considerable  interest  within  the  acceleration 
scientist  population  to  explore  the  possibilities 
of  increasing  our  knowledge  base  in  HSG. 

There  are  two  basic  approaches  to  obtaining  more 
data  specific  to  HSG:  (a)  active  or  (b)  passive. 
The  former  involves  developing  experimental  proto¬ 
cols  to  study  pilots'  spines  of  HPA  either  in  a 
longitudinal  study  or  cross-sectional  study.  The 
latter  approach  involves  collecting  information 
from  uncontrolled  sources  such  as;  (a)  pilots  of 
HPA  reporting  back  injuries;  (b)  flight  surgeons 


"studying"  pilots;  and  (c)  post  mortem  data  from 
aircraft  accident  victims.  Relating  those  data  to 
documented  HSG  duration  data  from  the  same  pilots 
would  increase  the  value  of  this  type  of  study. 

Although  the  active  approach  would  provide  the 
best  information,  the  high  cost,  logistical  prob¬ 
lems,  and  time  requirements  make  it  less  accept¬ 
able.  Collecting  more  passive  data  with  greater 
specificity  towards  spine  problems  is  recommended 
by  this  working  group.  A  typical  approach  that 
uses  this  discipline  is  detailed  spine-neurologi¬ 
cal  examinations  of  aircrew  of  HPA  upon  their  dis¬ 
charge  or  retirement  from  the  Air  Force  as  pro¬ 
posed  for  the  U.S.  Air  Force  by  the  Armstrong 
Laboratory  (see  Chapter  6). 

7.2.2  Aircrew  Selection: 

The  genetic  code  of  all  individuals  embodies 
information  useful  in  predicting  to  some  extent 
spinal  health  and  disease.  Familial  history  would 
be  considered  in  some  detail  in  selecting  aircrew 
for  HPA.  In  addition,  complete  medical  physical 
examinations  focused  on  the  spine  that  include  x- 
rays  and  a  complete  spinal  functional  assessment 
(quantification)  that  is  yet  to  be  developed  (see 
research  requirements  section  that  follows). 

Caution  must  be  exercised  here  because  there  is 
much  more  to  flying  HPA  than  a  healthy  spine; 
i.e.,  intelligence,  dexterity,  orientation  sense, 
excellent  situational  awareness,  are  just  some  of 
the  many  needed  attributes  of  a  fighter  pilot. 

7.2.3  Aircrew  Training: 

Once  selection  has  provided  the  best  that  the 
population  has  to  offer,  training  directed  towards 
spinal  health  is  highly  recommended.  Training  and 
education  always  offer  great  benefits  at  low  cost. 
Training  should  involve:  (a)  physical  condition, 
(b)  proper  posture;  and  (c)  mobility  under  G. 

Physical  training  regimens  for  improving  G-dura- 
tion  tolerance  have  been  developed  and  are  either 
highly  encouraged  on  a  voluntary  basis  for  aircrew 
or  required  by  regulations  (see  AGARD-AG-322) .  A 
subset  of  this  training  regimen  is  neck  exercises. 
These  should  be  elevated  in  importance  and  require 
neck  strength  testing  for  compliance.  Total  spine 
exercises  (particularly  the  lumbar  region)  should 
be  developed  and  made  an  essential  (required)  part 
of  the  aircrew  of  HPA  physical  conditioning  pro¬ 
gram. 

Physical  training  therapy  rooms  with  skilled 
trainers  and/or  therapists  to  manipulate  the 
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spine,  etc.  following  HSG  exposure  should  be 
provided  for  every  appropriate  squadron  --  located 
next  to  the  aircrew  weight-training  room.  These 
would  be  made  available  for  aircrew  immediately 
following  each  day's  sorties  involving  HSG. 

Proper  body  posture  with  emphasis  on  lordosis 
would  provide  considerable  benefits  for  maintain¬ 
ing  a  healthly  spine  at  1  G  and  during  HSG. 
Training  for  lordosis  should  be  instituted  at  the 
beginning  of  flight  training. 

Learning  proper  physical  mobility  regimens  includ¬ 
ing  head  movements  during  exposure  to  HSG  requires 
training  in  a  high  G  environment.  Centrifuges  are 
expensive  to  operate  and  present  coriolis  problems 
with  head  movement.  Aerobatic  aircraft  are  cheap 
to  buy  and  operate  (compared  with  high  performance 
jet  aircraft)  and  provide  the  rapidly  changing  G 
environment  to  train  proper  mobility  under  G  as 
well  as  fighter  maneuvering  techniques  and  skills. 
They  also  are  an  economical  means  of  maintaining 
G-condi t ioni  ng. 

7.2.4  Aircrew  Education: 

Pilots  should  have  practical  knowledge  about  the 
structure  of  the  spine  and  how  it  functions  at 
both  1  G  and  during  HSG  (see  "Research"  that 
follows  in  this  section).  Their  information  is 
also  important  in  directing  their  attention  and 
instilling  motivation  in  performing  the  proper 
exercise  regimens  for  the  back  on  a  regular  basis. 
Educate  aircrew  about  proper  body  posture  empha¬ 
sizing  the  importance  of  lordosis  (see  Aircrew 
Training  above). 

Neck  injury  potential  under  G  should  be  stressed 
and  the  problems  of  head  movement  in  the  HSG 
environment  (to  check  six)  defined. 

7.2.5  Equipment  Modification  and  Development: 

Present  ejection  seat  headbox  design  compromises 
spinal  performance.  Improved  designs  should  be 
developed  and  incorporated  in  newly  built  and  in 
refitted  aircraft  routinely  during  upgrades. 

Light-weight  helmets  should  be  provided  for  HPA 
aircrew.  Present  progress  in  reducing  helmet 
weight  should  be  continued.  Head-mounted  equipment 
should  be  designed  for  minimum  weight,  moved 
elsewhere  if  possible,  and  be  positioned  and 
integrated  on  the  head  providing  the  optimum 
center  of  gravity. 

Development  of  neck  support  equipment  that  becomes 
functional  (deployed)  during  the  onset  of  G,  and 
not  obtrusive  to  pilot  performance,  should  be 


initiated.  Headbox  contouring  to  provide  a  high  G 
park  position  in  full  head-neck  extension  may  be  a 
useful  option. 

7.2.6  Research  Requirements: 

Research  should  be  initiated  and  supported  with 
adequate  resources  by  all  NATO  countries  emphasiz¬ 
ing  the  following  areas  in  support  of  a  healthy 
spine  during  HSG.  Specific  suggested  topics 
follow: 

1)  Improved  knowledge  about  head-neck  motion/ 
function  under  HSG. 

2)  Research  and  development  of  improved  reliable 
techniques  to  properly  assess  spine  function; 
i.e.,  the  neck  and  lumbar  areas  primarily. 

3)  Development  of  optimum  spine  strengthening 
exercise  program  for  pilots  that  are  effective, 
but  require  little  time  to  perform  (time  effective 
exercises) . 

7.2.7  Conclusion: 

To  conclude,  countries  that  are  now  performing 
active  data  gathering  studies  on  spinal  injury  of 
HPA  aircrew  on  their  own  initiative  should  be 
encouraged  by  AGARD  to  continue.  The  Biodynamic 
Committee  of  AGARD/AHP  should  provide  a  forum  for 
a  "technology  watch"  on  this  topic,  requesting 
annual  reports  on  the  progress  of  these  studies. 
A  follow-on  AGARD  symposium  on  this  topic  should 
be  planned  before  the  turn  of  the  century  to 
monitor  and  encourage  progress  in  this  important 
area  of  aircrew  protection  from  G  hazards. 

7.3  VESTIBULAR  SYSTEM: 

Testing  of  vestibular  function  with  basic  test 
batteries  are  time  consuming  procedures.  They  can 
raise  acceptance  problems  from  pilots  and  from 
management  because  of  unpleasant  side  effects. 

The  adaptive  nature  of  the  vestibular  system  means 
that  a  basic  test  battery  would  not  provide 
enough  information  to  detect  persistent  altera¬ 
tions  of  the  function  induced  by  repeated  exposure 
to  HSG.  Such  inadequacy  of  clinical  testing  alone 
to  detect  abnormalities  of  the  vestibular  function 
related  to  spatial  disorientation  has  been  shown 
recently  (167).  Bearing  this  in  mind,  it  may  be 
of  interest  to  introduce  testing  to  address  the 
"perceptual"  side  of  the  spatial  orientation 
system,  in  order  to  assess  global  function  rather 
than  only  limited  responses  at  the  vestibular 
level.  As  an  example,  the  Pensacola  Vestibular 


Test  Battery  (PVTB)  developed  at  NAMRL  could 
answer  this  question  and  potentially  increase  the 
probability  of  detecting  vestibular  long  term 
effects  of  HSG. 

From  a  practical  point  of  view,  the  PVTB  in  itself 
does  not  directly  alleviate  the  concerns  raised 
about  duration  and  acceptance  of  the  testing. 
However,  spatial  orientation  tests  could  be  easily 
combined  with  centrifuge  training.  Centrifuge 
training  is  now  widespread  in  NATO  nations  for 
pilots  flying  high  performance  fighter  aircraft 
and  in  most  cases,  disorientation  trainers  are 
located  near  centrifuge  facilities. 

A  vestibular  testing  protocol  designed  to  address 
chronical  G-effects  could  and  should  be  conducted 
prior  to  any  centrifuge  training  session.  Such 
testing  would  allow  not  only  a  long  term  vestibu¬ 
lar  follow-up  of  pilots  exposed  to  HSG,  but  also 
assessment  of  acute  vestibular  risk  of  centrifuge 
training. 

7.3.1  Recomnendations  are: 

1)  To  review  the  availability,  characteristics 
and  performances  of  disorientation  trainers  locat¬ 
ed  close  to  centrifuge  training  facilities. 

2)  To  evaluate  and  advise  about  proper  vestibular 
test  procedures  in  centrifuge  training  programs, 
to  be  conducted  within  a  reasonable  time  limit. 

3)  To  design  standard  test  procedures  accommodat¬ 
ing  characteristics  and  performances  of  the  var¬ 
ious  disorientation  trainers. 

A)  To  consider  the  introduction  of  unlimited 
aerobatic  aircraft  early  in  training  using  the 
whole  flight  envelope. 

5)  To  develop  a  NATO  database  of  both  spinal  and 
vestibular  problems  in  all  aircrew. 


52 


REFERENCES 

1.  Abenhaim  L,  Suissa  S,  Rossignol  M.  Risk  of 
recurrence  of  occupational  back  pain  over  three 
year  follow-up.  Brit.  J.  of  Indust.  Med.  45:829- 
833.  1988. 

2.  Adams  MA  and  Hutton  UC.  Prolapsed  interverte¬ 
bral  disc:  A  hyperflexion  injury.  Spine  7:184-191, 
1982. 

3.  AGARD:  Conf  Proc.  No.  378:  Backache  and  back 
discomfort.  Neuilly-sur-Seine,  AGARD  1986. 

4.  AGARD:  Conf  Proc.  No.  471:  Neck  injury  in 
advanced  military  environments.  Munich,  24-28  Apr 

1989.  Neuilly-sur-Seine,  AGARD,  AGARD-CP-471 , 

1990. 

5.  AGARD;  Report  of  AGARD  Working  Group  13  on 
"Echocardiography  in  NATO  aircrew.  AGARD-AR-297, 
Oct  1992. 

6.  Aho  J,  Hamalainen  0,  Vanharanta  H.  Neck  pain 
among  Finnish  military  pilots.  Ann  Med  Milit  Fenn 
65:74-79,  1990. 

7.  Alund,  M  and  Larsson,  S-E.  Three-dimensional 
analysis  of  neck  motion:  A  clinical  method.  Spine 
15:87-91,  1990. 

8.  Anderson  HT.  Neck  injury  sustained  during 
exposure  to  high-G  forces  in  the  F-16B.  Aviat. 
Space  Environ.  Med.  59:356-8.  1988. 

9.  Anderson  HT.  Radiological  investigation  of 
the  vertebral  column  of  candidates  for  military 
flying  training  in  the  Royal  Norwegian  Air  Force. 
AGARD-CP-471,  1990,  4. 1-4.6.  Conf.  Proc.  "Neck 
injury  in  advanced  military  aircraft  environment", 
24-28  Apr  1989. 

10.  Andersen  HT,  Wagstaf  AS,  Swerdrup  HU.  Spinal 
x-ray  screening  of  high  performance  fighter  pi¬ 
lots.  Aviat  Space  Environ  Med  62:1171-1173,  1991. 

11.  Anderson  DA.  Will  prone  position  lick  high-G 
loads?  Aviat  Week,  Dec  29,  1952. 

12.  Andersson  GBJ,  Ortengren  R,  Nachemson  AL. 
Intradisc  pressure,  intra-abdominal  pressure  and 
myoelectric  back  muscle  activity  related  to  pos¬ 
ture  and  loading,  Clin  Orthop  129:156,  1977. 

13.  Anton  DJ.  Neck  injury  in  advanced  military 
aircraft  environment.  AGARD-CP-471,  1990,  K1.1- 
K1.7;  Conf.  Proc.  "Neck  injury  in  advanced  mili¬ 
tary  aircraft  environments",  24-28  Apr  1989. 


14.  Anton  DJ.  Technical  evaluation  aerospace 
medical  panel  meeting  "Neck  injury  in  advanced 
military  aircraft  environment".  AGARD-CP-471, 

1990.  vii-viii;  Conf.  Proc.,  24-28  Apr  1989. 

15.  Armstrong  TJ,  Langolf  GD.  Ergonomics  and 
occupational  safety  and  health,  in  Environmental 
and  Occupational  Medicine,  edited  by  WN  Rom. 
Boston:  Little,  Brown  and  Company,  pp  765-784. 
1983. 

16.  Ballinger  ER,  Dempsey  CA.  WADC  TR-52-250.  The 
effects  of  prolonged  acceleration  on  the  human 
body  in  the  prone  and  supine  positions.  Wright- 
Patterson  AFB  OH,  AMRL,  1952. 

17.  Barany  R.  Diagnosis  von  Krankheit  serschei- 
nungen  in  Bereiche  des  Otolighenapparatus.  Acta 
Otolaryngol  (Stockh)  2:434-437,  1921. 

18.  Barber  HO.  Positional  nystagmus,  especially 
after  head  injury.  Laryngoscope  74:891-944,  1964. 

19.  Battlie  MC,  et  al.  A  prospective  study  of  the 
role  of  cardiovascular  risk  factors  and  fitness  in 
industrial  back  pain  complaints.  Spine.  14:141- 
147.  1989. 

20.  Baviera  B.  Training  the  back:  A  modern  thera¬ 
py  concept.  (German).  Schweiz  Rundsch  Med  Prax 
80:5-14,  1991. 

21.  Biesemans  I,  Ingels  M,  Vanderbosch  P.  A 
survey  of  cervical  pain  in  pilots  of  a  Belgian  F- 
16  air  defense  wing.  AGARD-CP-471,  1990,  3. 1-3.4. 
Conf.  Proc.  "Neck  injury  in  advanced  military 
aircraft  environments",  24-28  Apr  1989. 

22.  Billings  RA,  Burry  HC,  Jones  R.  Low  back 
injury  in  sport.  Rheumat.  and  Rehab.  16:236-240. 
1977. 

23.  Boden  SD,  et  al.  Abnormal  magnetic- resonance 
scans  of  the  cervical  spine  in  asymptomatic  sub¬ 
jects.  J.  Bone  Joint  Surg.  72-A:1178-1184.  Septem¬ 
ber  1990. 

24.  Boden  SD,  et  al.  Abnormal  magnetic- resonance 
scans  of  the  lumbar  spine  in  asymptomatic  sub¬ 
jects.  J.  Bone  Joint  Surg.  72-A:403-408.  September 
1990. 

25.  Breig  A.  Adverse  mechanical  tension  in  the 
central  nervous  system:  An  analysis  of  cause  and 
effect;  Relief  by  functional  neurosurgery.  Stock¬ 
holm,  Almqvist  &  Wiksel  International,  1978. 


53 


26.  Breig  A.  Biomechanics  of  the  central  nervous 
system:  Some  basic  normal  and  abnormal  phenomena. 
Almqvist  &  Wiksell,  Stockholm,  1960. 

27.  Brennan  GP,  et  al.  Physical  characteristics 

of  patients  with  herniated  intervertebral  lumbar 
discs.  Spine.  12(7):699-702.  1987. 

28.  Burndorf  A  et  al.  Mechanism  of  posterior 
loading  on  the  back,  Scand  J  Work  Envir  Health 
17:425-429,  1991. 

29.  Burns  JW,  et  al.  Incidence  and  significance 
of  MR I -determined  spinal  disk  abnormalities  in  an 
asymptomatic  centrifuge  subject  population.  Avia. 
Space  Environ.  Med.  62:459,  (Abst  No.  88),  1991. 

30.  Burns  JW.  Personal  communication  with  VM 
Vogue,  Armstrong  Laboratory,  Brooks  AFB  TX,  8  Feb 
1990. 

31.  Burry  HC,  Gravis  V.  Compensated  back  injury 
in  New  Zealand.  N.Z.  Med.  J.  101(852):542-544. 
1988. 

32.  Burton  RR,  Leverett  SD  Jr,  Michaelson  ED.  Man 
at  high  sustained  +Gz  acceleration:  A  review. 
Aerospace  Med  45:1115-1136,  1974. 

33.  Cady  LD,  Bischoff  DP,  O'Connell  ER.  Strength 
and  fitness  and  subsequent  back  injuries  in  fire¬ 
fighters.  J.  Occup.  Med.  21:269-272.  1979. 

34.  Cawthorne  TE.  Positional  nystagmus.  Ann  Otol 
Rhinol  Laryngol  63:481-490,  1954. 

35.  Chaffin  DB.  Biomechanics  of  manual  materials 
handling  and  low-back  pain,  in  Occupational  Medi¬ 
cine,  edited  by  C.  Zenz.  second  edition.  Chicago: 
Year  book  Medical  Publishers,  pp  257-273.  1988. 

36.  Chaffin  DB,  Herrin  GD  and  Keyserling  WH. 
Preemployment  strength  testing.  J.  Occup.  Med. 
20:403-408,  1978. 

37.  Citron  L,  Hallpike  CS.  Observations  upon  the 
mechanism  of  positional  nystagmus  of  the  so-called 
"benign  paroxysmal  type".  J.  Laryngol  Otol  70:253- 
259,  1956. 

38.  Clark  JB.  Cervical  dystonia  following  expo¬ 
sure  to  high  -G  forces.  Avia.  Space  Environ.  Med., 
935-37,  1990. 

39.  Clark  WG,  et  al.  Studies  on  flying  in  the 
prone  position.  Washington  DC,  Division  of  Medical 
Sciences,  National  Research  Council,  Report  No. 
466,  1945. 


40.  Cohen  NM.  Combined  techniques  to  enhance 
protection  against  high  sustained  accelerative 
forces.  Aviat  Space  Environ  Med  54:338-342,  1983. 

41.  Connell  MD.  Bony  anomalies  of  the  low-back  in 
relation  to  back  injury.  S.  Med.  J.  61:482-486. 
1968. 

42.  Connell  MO  and  Wiesel  SW.  Natural  history  and 
pathogenesis  of  cervical  disk  disease.  Orth  Clin  N 
Am  23:369-380,  1992. 

43.  Connors  IN.  Summary  report  and  proceedings  of 
the  Conference  on  Low-Back  X-rays  in  Pre-employ¬ 
ment  Physical  Examinations.  American  College  of 
Radiology.  Tucson,  Az.  Jan  11-14.  1973. 

44.  Cooper  KH,  Leverett  SD  Jr.  Physical  condi¬ 
tioning  versus  +Gz  tolerance.  Aerospace  Med 
37:462-465,  1966. 

45.  Cox  JM,  Trier  KK.  Exercise  and  smoking  habits 
in  patient  with  and  without  low-back  and  leg  pain. 
J.  Manipulative  Physiol  Ther.  10(5):239-245.  1987. 

46.  Davis  CR,  et  al.  Benign  paroxysmal  positional 
vertigo  associated  with  centrifuge  acceleration 
exposure.  Warminster  PA,  ACMEL,  NADC,  1994,  in 
press. 

47.  Deen  HG  et  al.  Lumbar  disc  disease  in  active 
duty  Marine  Corps  personnel.  Mi  lit  Med  154:502- 
504,  1989. 

48.  Defibaugh  JJ.  Measurement  of  lead  motion. 

Part  I:  A  review  of  methods  of  measuring  Joint 
motion.  J.  Amer.  Physical  Therapy  Assoc.  44:157- 
168,  1964. 

49.  de  Kleyn  A,  Versteegh  C.  Labyrinthref lex 
nach  Abschleuderung  der  Otol i then  Membrane  bei 
Meerschweinchen.  Pfluger  Arch  Gest  Physiol 
232:454-465,  1933. 

50.  Dix  MR,  Hallpike  CS.  The  pathology,  symptoma¬ 
tology  and  diagnosis  of  certain  common  disorders 
of  the  vestibular  system.  Ann  Otol  Laryngol 
61:987-1016,  1952. 

51.  Dobie  TG.  "Air  sickness  in  aircrew",  AGARDo- 
graph-177,  1974. 

52.  Dowd  PJ.  Effects  of  high  acceleration  on 
vestibular-ocular  responses.  USAFSAM-TR-67-93, 
1967. 


54 


53.  Dupuis  H.  The  effects  of  mechanical  vibra¬ 
tion  on  the  spinal  column  [German]  Orthopade 
19:140-145,  1990. 

54.  Dvorak  J,  et  al.  Biomechanics  of  the  cranio¬ 
cervical  region:  The  alar  and  transverse  liga¬ 
ments.  J  Orthop  Res  6:453,  1988. 

55.  Edeiken  J,  Karas ick  D.  Use  of  radiography  for 
screening  employees  for  risk  of  low-back  disabili¬ 
ty.  J.  Occup.  Med.  28(10) :995-997.  1986. 

56.  Elliott  S,  Hutson  M,  Uastie,  ML.  Bone  scin¬ 
tigraphy  in  the  assessment  of  spondylolysis  in 
patients  attending  a  sports  injury  clinic.  Clin 
Radiol.  39:269-272,  1988. 

57.  Ellis  UHB.  Personal  communication  with  Mr 
John  Firth,  1991. 

58.  Ellis  WHB.  Hippocrates,  RN.  Memoirs  of  a 
naval  flying  doctor.  London,  Robert  Hale,  1988. 

59.  Euler  L  (1707-83).  "Mechanica,  sive  Motus 
Scientia  Analytice  Expos ita",  1736. 

60.  Fredrikson  B  et  al.  The  natural  history  of 
spondylolysis  and  spondylolisthesis.  J.  Bone  Joint 
Surg.  66-A:  699-707,  1984. 

61.  Frymoyer  JW.  Back  pain  and  sciatica.  N.  Engl. 
J.  Med.  318:291-300.  1988. 

62.  Genesis,  Chapter  1,  verses  26-27,  pg  2,  Mew 
Amer.  Std.  Bible,  Cambridge  Uni v.  Press,  N.Y., 
1977. 

63.  Genesis,  Chapter  2,  verses  21-22,  pg  3,  New 
Amer.  Std.  Bible,  Cambridge  Univ.  Press,  N.Y., 
1977. 

64.  Gibson  ES.  The  value  of  preplacement  screen¬ 
ing  radiography  of  the  lower  back.  Occup.  Med. 
State  of  the  Art  Rev.  3:91-107  (Jan-Mar)  1988. 

65.  Gillen  MH,  Raymond  D.  Progressive  cervical 
osteoarthritis  in  high  performance  aircraft  pi¬ 
lots.  AGARD-CP-471,  1990,  6. 1-6. 6;  Conf.  Proc. 
"Neck  injury  in  advanded  military  aircraft  envi¬ 
ronments",  24-28  Apr  1989. 

66.  Gillingham  KK,  Plentzas  S,  Lewis  NL.  G  envi¬ 
ronments  of  F-4,  F-5,  F-15,  and  F-16  aircraft 
during  F-15  tactics  development  and  evaluation. 
USAFSAH-TR-85-51,  1985. 


67.  Gordon  N.  Post-traumatic  vertigo  with  special 
reference  to  positional  nystagmus.  Lancet 
266:1216-1218,  1954. 

68.  Gracovetsky  S,  Farfan  HF.  The  optimum  spine. 
Spine.  11:543-571.  1986. 

69.  Graves  JE  et  al.  Quantitative  assessment  of 
fuel  range- of -mot ion  isometric  lumbar  extension 
strength.  Spine  15:289-294,  1990. 

70.  Grogan,  JP  et  al.  Spondylolysis  studied  with 
computed  tomography.  Radiol.  145:737-742,  1982. 

71.  Guillot  M,  et  al.  Mechanics  of  the  character¬ 
istic  geometry  of  the  human  spine  undergoing 
vertical  pressure  [French],  Bull  Assoc  Anat 
(Nancy)  74:7-8,  1990. 

72.  Hackett  GS.  Ligament  and  tendon  relaxation 
treated  by  prolotherapy;  I  Vol,  151  p,  Charles 
Thomas  Ed.  Springfield  II,  1958. 

73.  Hagberg  M.  Occupational  musculoskeletal 
stress  and  disorders  of  the  neck  and  shoulder:  A 
review  of  possible  pathophysiology.  Int.  Arch. 
Occup.  Environ.  Health  53:269-278,  1984. 

74.  Hagberg  M  and  Wegman  DH.  Prevalence  rates  and 
odds  ratios  of  shoulder-neck  diseases  in  different 
occupational  groups.  Brit.  J.  Ind.  Med.  44:602- 
610,  1987. 

75.  Hall  SF,  Ruby  RRF,  McLure  JA.  The  mechanics 
of  benign  paroxysmal  vertigo.  J.  Otolaryngol 
8:151-158,  1979. 

76.  Hamalainen  0.  Fighter  pilots'  neck  pain.  PhD 
Dissert.  Air  Force  Acad.,  Univ  of  Oulu,  Oulu, 
Finland,  76  pages,  1993. 

77.  Hamalainen  0.  Flight  helmet  weight,  +Gz 
forces,  and  neck  muscle  strain.  Avia.  Space  Envi¬ 
ron.  Med.  64:55-57,  1993. 

78.  Hamalainen  0,  Vanharanta  H.  Effect  of  Gz 
forces  and  head  movements  on  cervical  erector 
spinae  muscle  strain,  Aviat  Space  Environ  Med 
63:709-716,  1992. 

79.  Hamalainen  0,  Vanharanta  H,  Bloigu  R.  Deter¬ 
minants  of  +Gz  related  neck  pain:  A  preliminary 
study.  Aviat  Space  Environ  Med  64:651-652,  1993. 

80.  Hamalainen  0,  Vankaranta  H,  Kuusela  T.  Degen¬ 
eration  of  cervical  intervertebrae  disks  in  fight¬ 
er  pilots  frequently  exposed  to  high  +Gz  forces. 


55 


81.  Hansson  TH,  et  al.  The  lumbar  lordosis  in 
acute  and  chronic  low-back  pain.  Spine.  10(2):154- 
155.  1985. 

82.  Hansson  TH,  et  al.  The  load  on  the  lumbar 
spine  during  isometric  strength  testing.  Spine. 
9(7):720-724.  1984. 

83.  Harms-Ringdahl  K  et  al.  Neck  and  lumbar  pain, 
clinical  examination,  mobility,  muscular  strength 
and  endurance  in  a  group  of  jet  pilots.  Avia. 

Space  Environ.  Med.  62:454,  1991. 

84.  Haughton  VH,  et  al.  A  prospective  comparison 
of  computed  tomography  and  myelography  in  the 
diagnosis  of  herniated  lumbar  discs.  Radiology. 
142:103-110.  January  1982. 

85.  Hazegawa  T;  Die  Veranderung  der  Labyrintharen 
Reflexe  bie  zentrifugiertem  Meerschweinchen. 
Pflugers  Arch  ges  Physiol  229:205-225,  1931. 

86.  Helleur  C,  Gracovetsky  S,  Farfan  H.  Toler¬ 
ance  of  the  human  spine  to  high  acceleration:  A 
modelling  approach.  Aviat  Space  Environ  Med 
55:903-909,  1984. 

87.  Hertzberg  HTE,  Colgan  JU.  Eng  Div  Memo  Report 
No.  MCREXD-695-71D.  A  prone  position  bed  for 
pilots.  Wright-Patterson  AFB  OH,  AMRL,  1948. 

88.  Highland  TR  et  al.  Changes  in  isometric 
strength  and  range  of  motion  of  the  isolated 
cervical  spine  after  eight  weeks  of  clinical 
rehabilitation.  Spine,  17:S77-S82,  1992. 

89.  Hildebrandt  VH.  A  review  of  epidemiological 
research  on  risk  factors  of  low  back  pain.  In: 
Musculoskeletal  Disorders  at  Work.  Ed:  PW  Buckle. 
Taylor  and  Francis,  London;  9-16,  1987. 

90.  Hitselberger  WE,  RM  Witten.  Abnormal  myelo¬ 
grams  in  asymptomatic  patients.  J  Neurosurg. 
28:204-206.  1968. 

91.  Hohl  M,  Baker  HR.  The  atlanto-axial  joint.  J. 
Bone  Joint  Surg  46A:1739,  1964. 

92.  Holder  LE  and  Mathews  LS.  The  nuclear  physi¬ 
cian  and  sports  medicine.  Nuclear  Medicine  Annual, 
pp  127-132,  Raven  Press,  1984. 

93.  Holdsworth  FW.  Fractures,  dislocations  and 
fracture  dislocations  of  the  spine.  J  Bone  Joint 
Surg  45B:6,  1963. 


94.  Hooke  R  (1660).  In:  Van  Nostrands  Scientific 
Encyclopedia,  4th  Ed.  D.  Van  Nostrand  Co,  Inc., 

New  Jersey,  pp  518-529,  1968. 

95.  Hrebien  L,  Hendler  E.  Factors  affecting 
tolerance  to  sustained  acceleration.  Aviat  Space 
Environ  Med  56:19-26,  1985. 

96.  Isernhagen  SJ.  Principles  of  prevention  for 
cumulative  trauma.  In:  Back  School  Programs. 

White  LA,  Ed.  Occup.  Med:  State  of  the  Art  Rev. 
7:147-153.  Hanley  and  Berfus,  Philadelphia,  1992. 

97.  Ivanova  B.  Personal  communication  with  Mr  J. 
Firth,  1984. 

98.  Jackson  DW,  Wiltse  LL  and  Dungernan  RD. 

Stress  reactions  involving  the  pars  interarticu- 
laris  in  young  athletes.  Amer.  J.  of  Sports  Med. 

9,  304-312,  1981. 

99.  Jones  DF.  Back  injury  research;  a  common 
thread.  Am.  Indust.  Hyg.  Ass.  J.  33(9):596-602. 
1972 

100.  Karvonen  MJ,  et  al.  Back  and  leg  complaints 
in  relation  to  muscle  strength  in  young  men. 

Scand.  J.  Rehab.  Med.  12(2):53-59.  1980. 

101.  Katchen  MS,  et  al.  A  case  of  left  hypoglos¬ 
sal  neurapraxia  following  G  exposure  in  a  centri¬ 
fuge.  Aviat.  Space  Environ.  Med.  61:837-9.  1990. 

102.  Katsarkas  A,  Kirkham  TH.  Paroxysmal  posi¬ 
tional  vertigo:  A  study  of  255  cases.  J  Otolaryn¬ 
gol  7:320-330,  1978. 

103.  Kazarian  L.  Injuries  to  the  human  spinal 
column:  biomechanics  and  injury  classification. 
Exercise  Sports  Sci.  Review.  9:297-352.  1982. 

104.  Kazarian  LE,  Belk  WF.  Spinal  column  injuries 
and  abnormalities.  Proc.  USAF  Multi-disciplinary 
Workshop  on  Selection  and  Flying  Physical  Stand¬ 
ards  for  the  1990's:  Spinal  Column  considerations. 
AMRL  TR-79-74,  Oct  1979. 

105.  Kazarian  LE.  Personal  Communication  with  VM 
Vogue,  Armstrong  Laboratory,  Wright-Patterson  AFB 
OH,  23  Mar  1990. 

106.  Kazarian  LE,  von  Gierke  HE.  Age  and  exercise 
as  factors  influencing  osteoporosis,  bone 
strength,  and  acceleration  tolerance.  AMRL-TR-70- 
74,  AMRL,  Aerospace  Medical  Division,  Air  Force 
Systems  Command,  Wright-Patterson  AFB  OH,  Mar 
1971. 


56 


107.  Kelsy  JL,  AL  Golden.  Occupational  and  work¬ 
place  factors  associated  with  low-back  pain.  In 
Back  Pain  in  Workers  ed  by  RA  Deyo,  State  of  the 
Art  Reviews  of  Occupational  Medicine  3(1):7-16. 
1988. 

108.  Kelsy  JL  et  al.  An  epidemi logical  study  of 
acute  prolapsed  cervical  intervertebral  disc.  J. 
Bone  Joint  Surg.  66-A:907-914,  1984. 

109.  Knudson  R,  et  al.  A  comparative  study  of  G- 
induced  neck  injury  in  pilots  of  the  F/A-18,  A-7, 
and  A-4.  Aviat.  Space  Environ.  Med.  59:758-60. 

1988. 

110.  Kummer  B.  Biomechanical  problems  of  upright 
posture  [German]  Anat  Anzeig  174:33-39,  1992. 

111.  Lambert  CM.  Handling  the  prone-pilot  Meteor. 
Flight  69:345-348,  1956. 

112.  Leger  A.  "Susceptibi lite  aux  cinetoses  et 
amplitude  perque  des  illusions  sensorielles 
(Motion  sickness  susceptibility  and  perceived 
magnitude  of  sensory  illusions)".  CP  372, 

AGARD/AMP  Symposiim  on  "Motion  Sickness:  Mecha¬ 
nisms,  Prediction,  Prevention  and  Treatment", 
32:1-10,  May  1984. 

113.  Leggett  et  al.  Quantitative  assessment  and 
training  of  isometric  cervical  extension  strength. 
Am.  J.  Sports  Med.  19:653-659,  1991. 

114.  Lincoln  Laboratory:  Quarterly  Progress 
Report  11A,  Ambulatory  Care  Project.  Lexington  MA, 
MIT  and  Beth  Israel  Hospital,  1974. 

115.  Linder  J  et  al.  Biomechanical  load  and  EMG 
responses  of  neck  and  neck  muscles  in  Jet  pilots. 
Aviat.  Space  Environ.  Med.  62:455,  1991. 

116.  Lindgren  S,  Hinder  L.  Production  and 
distribution  of  intracranial  and  intraspinal 
pressure  changes  at  sudden  extradural  fluid  volume 
input  in  rabbits.  Acta  Physiol.  Scand.  76:340-51, 
1969. 

117.  Lindh  M.  Biomechanics  of  the  lumbar  spine. 
Chap  10  in:  Basic  Biomechanics  of  the  Musculo¬ 
skeletal  System.  Eds.  Nordin  M  and  Frankel  VH,  2nd 
Ed.  Lea  ad  Febiger,  Philadelphia,  pages  183-224, 

1989. 

118.  Lychakov  DV,  et  al.  Changes  in  the  otoloth 
apparatus  of  rats  and  fish  after  long-term  rota¬ 
tion  with  increased  acceleration.  Kosm  Biol  Avia- 
kosm  Med  22:27-33,  1988. 


119.  Markolf  KL.  Stiffness  and  damping  character¬ 
istics  of  the  thoracolumbar  spine.  Workshop  Proc: 
Bioengineering  approaches  to  the  problems  of  the 
spine.  Bethesda  MD,  National  Institute  of  Health, 
Sep  1970. 

120.  Maroon  JC  et  al.  Biomechanics  of  the  lumbo¬ 
sacral  spine.  Clin  Neurosurg  36:125-134,  1990. 

121.  Marras  WS  et  al.  Motion  characteristics  of 
the  normal  and  impaired  lumbar  spine.  Proc.  39th 
Ann.  Htg.  Ortho.  Res.  Soc.,  pg.  33,  15-18  Feb. 

1993. 

122.  Mattingly  TE,  Felder  JW  and  Lombard  CF. 
Investigation  of  vibration  and  impact  protection 
of  the  human  head  and  neck.  AMRL-TR-69-112,  Dec 
1969. 

123.  Mayer  TG,  et  al.  Objective  assessment  of 
spine  function  following  industrial  injury.  Spine. 
10:482-493.  1985. 

124.  Mazurin  YuV,  Stupakov  GP.  The  effect  of 
repeated  loads  and  metabolic  intensity  on  repara¬ 
tive/destructive  processes  in  the  spine.  Physiolo¬ 
gist  34(1  Suppl):S191-193,  1991. 

125.  McNish  TM.  Long-term  effects  of  exposure  to 
high  sustained  G  forces  in  USAF  pilots:  Current 
status  and  future  perspective.  HPH  thesis  [unpub¬ 
lished],  University  of  Texas,  June  1982. 

126.  McNish  TM.  Long-term  effects  of  exposure  to 
high  sustained  +Gz  in  USAF  pilots.  Aerosp.  Med. 
Preprints,  38-39,  1983. 

127.  Metges  PJ,  et  al.  Colonne  vertebrale:  Selec¬ 
tion  et  aptitude  des  pilotes  d' avion  de  combat  du 
futur.  In:  AGARD  Conf  Proc  No.  396:  Medical  Selec¬ 
tion  and  Physiological  Training  of  Future  Fighter 
Aircrew.  Neuilly-sur-Seine,  AGARD-CP-396,  40-1,2,3 
1986. 

128.  Modic  MT,  Herfkens  RJ.  Intervertebral  disk: 
Normal  age-related  changes  in  MR  signal  intensi¬ 
ties.  Radiol.  177:332-334,  1992. 

129.  Morris  A.  Identifying  workers  at  risk  to 
back  injury  is  not  guesswork.  Occ.  Health  and  Saf. 
55(12):16-20.  1985. 

130.  Nachemson  AL.  Spinal  disorders.  Overall 
impact  on  society  and  the  need  for  orthopedic 
resources.  Acta  Orth  Scand  [Suppl]  241:17-22, 

1991. 


57 


131.  Nachemson  AL.  The  lumbar  spine,  an  orthope¬ 
dic  chal  lenge.  Spine.  1:59-71.  1976. 

132.  Nixon  J.  Intervertebral  disc  mechanics:  A 
review.  J.  Roy  Soc.  Med.  79:100-104,  1986. 

133.  Nordby  EJ.  Epidemiology  and  diagnosis  in 
low-back  injury.  Occup.  Health  Saf.  50(1):36-42. 
1981. 

134.  Nutter  P.  Aerobic  exercise  in  the  treatment 
and  prevention  of  low-back  pain,  in  State  of  the 
Art  Reviews:  Occupational  Medicine,  Back  Pain  in 
Workers.  (3:1),  edited  by  RA  Deyo.  Hanley  &  Del- 
fus.  Philadelphia.  1988. 

135.  Oosterveld  WJ,  et  al.  Electronystagmographic 
findings  following  cervical  injuries.  AGARD-CP- 
471,  1990,  7. 1-7. 4.  Conf.  Proc.  "Neck  injury  in 
advanced  military  aircraft  environment",  24-28  Apr 
1989. 

136.  Oosterveld  WJ,  et  al.  Electronystagmographic 
findings  following  cervical  whiplash  injury.  Acta 
Otolaryngol  (Stockh),  Vol  11,  p.  201-205,  1991. 

137.  Owen  ED.  Personal  characteristics  important 
to  back  injury.  Rehabil.  Nurs.  11(4):12-16,  1986. 

138.  Panjabi  MM.  The  stabilizing  system  of  the 
spine.  Part  I:  Function,  dysfunction,  adaptation 
and  enhancement.  J  Spinal  Disord  5(4):383-389, 
discussion  397,  1992. 

139.  Panjabi  MM.  The  stabilizing  system  of  the 
spine.  Part  II:  Neutral  zone  and  instability 
hypothesis.  J  Spinal  Disord  5(4):390-396,  discus¬ 
sion  397,  1992. 

140.  Panjabi  MM,  White  AA.  Physical  properties 
and  functional  biomechanics  of  the  spine.  In; 
Clinical  biomechanics  of  the  spine,  Lippencott  JB, 
Co,  Phil.  1990. 

141.  Panjabi  MM,  et  al.  How  does  posture  effect 
the  coupling?  Spine  14(9):1002,  1989. 

142.  Parker  EE,  Covell  WP,  von  Gierke  HE.  Explo¬ 
ration  of  vestibular  damage  in  guinea  pigs  follow¬ 
ing  mechanical  stimulation.  Acta  Otolaryngol 
(Stockh)  Suppl  239:1-59,  1968. 

143.  Parker  EE,  Von  Gierke  HE,  Coveil  WP.  Prelim¬ 
inary  studies  of  vestibular  damage  in  guinea  pigs 
following  high  acceleration.  In:  The  role  of  the 
vestibular  organs  in  the  exploration  of  space. 
NASA-SP-77,  183-194,  1965. 


144.  Parkhurst  MJ,  Leverett  SD  Jr,  Shubrooks  SJ 
Jr.  Human  tolerance  to  high,  sustained  +Gz  accel¬ 
eration.  Aerospace  Med  43:708-712,  1972. 

145.  Penning  L.  Normal  movements  of  the  cervical 
spine.  Am  J  Roentgenol  130:317,  1979. 

146.  Peterson  BW  and  Richmond  FJ.  Control  of  head 
movements,  Oxford  Univ.  Press,  London,  1988. 

147.  Phillips  PB.  Brain  injury  from  high-G  pull¬ 
out?  Avia.  Med.  30:198  (abst),  1959. 

148.  Piterman  L.  Dunt  D.  Occupational  lower  back 
injuries  in  a  primary  medical  care  setting:  A 
five-year  follow-up  study.  The  Med.  J.  of  Aust. 
147:276-279,  1987. 

149.  Pope  MH  et  al.  Indust.  Course  Lect.  Biome¬ 
chanics  of  lumbar  disc  disease.  41:187-192,  1992. 

150.  Porter  RW.  Does  hard  work  prevent  disc 
protrusion?  Clin.  Biomech.  2:196-198,  1987. 

151.  Porter  RW,  Adams  MA,  Hutton  C.  Physical 
activity  and  the  strength  of  the  lumbar  spine. 
Spine.  14:201-203,  1989. 

152.  Poyot  G,  Clere  JM.  La  preparation  physique 
des  pilotes  de  Mirage  2000  au  combat  aerien. 
Science  &  Sports  2(3): 221 -228,  1987. 

153.  Preber  L,  Silfversiold  BP.  Paroxysmal  posi¬ 
tional  vertigo  following  head  injury.  Acta  Otolar¬ 
yngol  (Stockh)  48:255-265,  1957. 

154.  Raddin  JH  Jr,  et  al.  An  active  neck  protec¬ 
tion  system  for  crewmembers  of  high  performance 
aircraft.  USAFSAM-TP-90-4,  June  1990. 

155.  Redfield  JT.  The  low-back  x-ray  as  a  pre¬ 
employment  screening  tool  in  the  forest  products 
industry.  J.  Occup.  Med  13:219.  1971 

156.  Reschke  MF,  Anderson  DJ,  Homick  JL.  Vesti¬ 
bulospinal  reflexes  as  a  function  of  microgravity. 
Sci.  225:212-214,  1984. 

157.  Riihimaki  H.  Low-back  pain,  its  origin  and 
disk  indicators.  Scand.  J.  Work  Environ.  Health, 
17:81-90,  1991. 

158.  Risch  SV  et  al.  Lumbar  strengthening  in 
chronic  low  back  pain  patients:  Physiologic  and 
psychological  benefits.  Spine.  18:232-238,  1993. 


58 


159.  Robb  DJ.  USAF  School  of  Aerospace  Medicine, 
Student  in  residency  in  aerospace  medicine,  per¬ 
sonal  conmunication  with  Dr  Russell  R.  Burton,  Oct 
1993. 

160.  Robb,  DJ  and  Cuervo  C.  Spinal  screening  of 
high  performance  aircraft  pilots.  A  comparison 
between  the  medical  requirements  of  various  coun¬ 
tries.  41st  Int.  Conf  Avia.  Space  Med.,  Hamburg, 
GE,  page  105,  Abst.  125,  Sep  1993. 

161.  Rockey  PH,  Fantel  J,  Omenn  GS.  Discriminato¬ 
ry  aspects  of  pre- employment  screening:  Low-back 
x-ray  examinations  in  the  railroad  industry.  Am. 

J.  Law  and  Med.  5(3):197-214.  1979. 

162.  Rocky  PH,  et  al.  The  usefulness  of  x-ray 
examinations  in  the  evaluation  of  patients  with 
back  pain.  J.  Fam.  Prac.  7:455-465.  1978. 

163.  Rockwell  H,  Evans  FG,  Pheasant  HC.  The  com¬ 
parative  morphology  of  the  vertebral  spinal  col¬ 
umn;  its  form  as  related  to  function.  J  Morphol 
63:87,  1938. 

164.  Rowe  ML.  Epidemiology  of  low  back  injuries, 
in  Summary  Report  and  Proceedings  of  the  Confer¬ 
ence  on  Low  Back  X-rays  in  Pre- employment  Physical 
Examinations.  American  College  of  Radiology. 
Tucson,  Az.  Jan  11-14.  1973. 

165.  Rowe  ML.  Low  back  pain  in  industry:  A  posi¬ 
tion  paper.  J.  Occup.  Med.  11:161.  1969. 

166.  Rozen  PR,  Michell  LI,  Treves  S.  Early  scin¬ 
tigraphic  diagnosis  of  bone  stress  and  fractures 
in  athletic  adolescents.  Pediatrics  70:  11-15, 
1982. 

167.  Rupert  A,  Guedry  FE,  Clark  J.  Medical  evalu¬ 
ation  of  spatial  disorientation  mishaps. 
AGARD-CP-532,  57-1-5,  1992. 

168.  Schall  DG.  Non-ejection  cervical  spine 
fracture  due  to  defensive  aerial  combat  maneuver¬ 
ing  in  an  RF-4C:  a  case  report.  Aviat.  Space. 
Environ.  Med.  54:1111-1116.  1983. 

169.  Schall  DG.  Non-ejection  cervical  spine  in¬ 
juries  due  to  +Gz  in  high  performance  aircraft. 
Avia.  Space  Environ.  Med.  60:445-56,  1989. 

170.  Scher  AT.  Injuries  to  the  cervical  spine 
sustained  while  carrying  loads  on  the  head.  Para¬ 
plegia  16:94-101,  1978. 


171.  Schneider  RC.  In  Sports  Medicine:  Preven¬ 
tion,  Management,  Treatment.  Schneider  RC  et  a  I 
[eds] ,  Philadelphia,  Williams  and  Wilkins,  1985. 

172.  Schuknecht  HF.  Cupulol ithiasis.  Arch  Otolar¬ 
yngol  90:113-125,  1969. 

173.  Schuknecht  HF.  Mechanisms  of  inner  ear  in¬ 
juries  from  blows  to  the  head.  Ann  Otol  Rhino 
Laryngol  78:253-262,  1969. 

174.  Schuknecht  HF.  Positional  vertigo:  Clinical 
and  experimental  observations.  Trans  Am  Acad 
Ophthalmol  Otolaryngol  66:319-331,  1962. 

175.  Schultz  A,  et  al.  Loads  on  the  lumbar  spine. 
Validation  of  a  biomechanical  analysis  by  measure¬ 
ments  of  intra-discal  pressure  and  myoelectric 
signals.  J  Bone  Joint  Surg.  64A:713,  1982. 

176.  Seifert  K.  Functional  disorders  of  the 
cranio- cervical  junction  and  ENT  symptoms  [German] 
Hno  37:443-448,  1989. 

177.  Sether  LA  et  al.  Intervertebral  disk:  Normal 
age-related  changes  in  MR  signal  intensity.  Radi¬ 
ol.  177:385-388,  1990. 

178.  Shaw  RS.  Ruptured  intervertebral  disc  from 
positive  acceleration.  Aviat.  Med.  19:276-278, 
1948. 

179.  Smith  AH.  Principles  of  biodynamics,  Vol.  I. 
Introduction  to  gravitational  biology.  Aeromed. 
Rev.  8-74,  USAFSAM-TR-74-44,  p.  21,  Nov  1974. 

180.  Smith  TJ  et  al.  Fundimental  biomechanics  of 
the  spine.  Spine  16:1197-1203,  1991. 

181.  Snyders  CJ  and  Roosch  ER.  Analysis  of  the 
biomechanics  and  ergonomic  aspects  of  the  cervical 
spine  under  load.  AGARD-CP-471 ,  Dec  1-8  1990, 

Conf.  Proc.  "Neck  injury  in  advanced  military 
aircraft  environment,  24-28  Apr  1989. 

182.  Stanley  EM.  Flight  Test  Report:  F-80E  Air¬ 
craft.  Contract  AF  33(039)-7360,  Document  No.  36. 
Stanley  Aviation  Corporation,  Sep  19,  1950. 

183.  Stapp  JP.  Effects  of  mechanical  force  on 
living  tissues.  I;Abrupt  deceleration  and  wind- 
blast.  J  Aviat  Med  26:356,  1955. 

184.  Stapp  JP.  Problems  of  human  engineering  in 
regard  to  sudden  decelerative  forces  on  man.  Mil 
Surg  103:99,  1948. 


59 


185.  Stupakov  GP,  et  al.  Destructive  and  adaptive 
processes  in  human  vertebral  column  under  altered 
gravitional  potential.  Physiologist.  33(supp 
1);S-4-7.  1990. 

186.  Teplick  JG.  Lumbar  spine  CT  and  MRI.  J.B. 
Lippincott,  Philadelphia,  1992. 

187.  Teyssandier  MJ.  "Le  syndrome  vertebral  du 
parachutiste  (parachutist  spine  syndrome)",  Rev. 
Med.  Aero.  6(24):25-31,  1967. 

188.  Torgerson  WR,  Dotter  WE.  Comparative  roent- 
genographic  assessment  of  the  lumbar  spine.  In- 
dust.  Med.  &  Surg.  39:850.  1976. 

189.  Troisier  0.  Traitement  non-chi rurgical  des 
lesions  des  dsques  intervert?braux;  1  Vol,  166  p, 
Masson  Ed.  Paris,  1962. 

190.  Urban  JP,  Holm  S,  and  Maroudas  A.  Diffusion 
of  small  solutes  into  the  intervertebral  disc:  An 
in  vivo  study.  Biorheology  15:203-223,  1978. 

191.  Vanderbeek  RD.  Period  prevalence  of  acute 
neck  injury  in  U.S.  Air  Force  pilots  exposed  to 
high  G  forces.  Aviat.  Space  Environ.  Med. 
59(12):1176-80.  1988. 

192.  Vanderbeek  RD.  Prevalence  of  G-induced 
cervical  injury  in  U.S.  Air  Force  pilots. 
AGARD-GP-471,  1990,  1.1-1. 7.  Conf.  Proc.  "Neck 
injury  in  advanced  military  aircraft  environments. 
24-28  Apr  1989. 

193.  Videman  T,  et  al.  Low-back  pain  in  nurses 
and  some  loading  factors  at  work.  Spine.  9(4):400- 
404.  1984. 

194.  Voge  VM.  Personal  communication  with  Dr  I. 
McKenzie,  Armstrong  Laboratory,  Brooks  AFB  TX, 

July  1993. 

195.  Voge  VM  and  Tolan  G.  Back  injury  related  to 
acceleration  profiles.  Avia.  Space  Environ.  Med. 
64:419,  1993. 

196.  von  Beckh  HJ.  The  development  and  airborne 
testing  of  the  PALE  seat.  Report  No.  NADC-81200- 
60.  Warminster,  PA,  Naval  Air  Development  Center, 
1981. 

197.  Von  Gierke  HE.  Chairperson  on  NRC  Working 
Group  on  "Evaluation  of  Tests  for  Vestibular 
Function",  Com.  Hear.  Bioacous.  and  Biomech.  Com 
on  Beh.  Soc.  Sci.  and  Ed.  Avia.  Space  Environ. 

Med.  63:(2,Suppl):A1-A34,  1992. 


198.  Werne  S.  Studies  in  spontaneous  atlas  dislo¬ 
cation.  Acts  Orth.  Scand  (Suppl)  23:1-150,  1957. 

199.  Wesbster's  Ninth  New  Collegiate  Dictionary. 
Merriam-Webster  Inc,  Springfield,  MA  USA,  1984. 

200.  Whinnery  JE,  Gillingham  KK.  Medical  stand¬ 
ards  for  experimental  human  use  in  acceleration 
stress  research.  Aviat  Space  Environ  Med  54:241- 
245,  1983. 

201.  White  LA.  Back  school  programs:  State  of  the 
Art  Rev.  Occup.  Med.,  Vol  7,  Hanley  and  Belfus, 
Inc.,  Jan-Mar  1992. 

202.  White  III  AA,  Panjabi  MM.  Clinical  biome¬ 
chanics  of  the  spine,  2nd  Ed.  ,  JB  Lippincott, 
Philadelphia,  1990. 

203.  Wilcox  JR,  Moniot  AL  and  Green  JP.  Bone 
Scanning  in  the  evaluation  of  exercise-related 
stress  injuries.  Radiol.  123:699-703,  1977. 

204.  Williams  HJ,  Ward  JR.  Musculoskeletal  occu¬ 
pational  syndrome,  in  Environmental  and  Occupa¬ 
tional  Medicine,  edited  by  WN  Rom.  Boston;  Lit¬ 
tle,  Brown  and  Company,  pp  351-357.  1983. 

205.  Wittmaack.  Uber  die  Veranderungen  im  Innen 
Ohr  nach  Rotationen.  Vehr  Deutsch  Otol  Ges  18:150- 
156,  1909. 

206.  Wolfe  U.  Personal  communication  with  Dr  RR 
Burton,  Armstrong  Laboratory,  Brooks  AFB  TX,  1989. 

207.  Wood  EH.  Inbuilt  obsolescence  in  convention¬ 
ally  piloted  advanced  fighter  aircraft.  Aviat 
Space  Environ  Med  64:666-667,  1993. 

208.  Wood  JF.  Arboreal  man.  Arnold,  London,  1916. 

209.  Worthington  BS.  Disc  degeneration  in  teenage 
pregnant  girls.  See:  Powell  MC  et  al.  Prevalence 
of  lumbar  disc  degeneration  observed  by  magnetic 
resonance  in  symptomless  women.  Lancet  2:1366- 
1367,  1986. 

210.  Wurster  WH,  Langhoff  J,  Burchard  EC.  Neck 
injury  prevention  possibilities  in  a  high-G  envi¬ 
ronment  experience  with  high  sustained  +Gz  train¬ 
ing  of  pilots  in  the  GAF  lAM  human  centrifuge. 
AGARD-CP-471,  1990,  16.1-16.6,  Conf.  Proc.  "Neck 
injury  in  advanced  military  aircraft  environment", 
24-28  Apr  1989. 


60 


211.  Yacavone  DU,  Bason  R.  Cervical  injuries 
during  high  G  maneuvers:  a  review  of  Naval  Safety 
Center  data.  1980-1990.  Aviat  Space  Environ.  Hed. 
63:601-5.  1992. 

212.  Yeager  CE.  Personal  communication  with  Mr 
John  Firth,  1980. 

213.  Yoganandan  N,  et  al.  Injury  biomechanics  of 
the  human  spinal  column.  Spine  15:1031-1039,  1990. 

214.  Young  MC.  Prone  Meteor.  Aviation  News  13:22, 
April  4,  1989. 

215.  Zuidema  H.  Risks  of  individual  occupations 
in  the  Netherlands.  Ergonomics.  28(1):45-49.  1985. 


REPORT  DOCUMENTATION  PAGE 


1.  Recipient’s  Reference  2.  Originator’s  Reference  3.  Further  Reference 


5.  Originator 


AGARD-AR-317 


ISBN  92-835-0745-2 


4.  Security  Classification 
of  Document 
UNCLASSIFIED/ 
UNLIMITED 


Advisory  Group  for  Aerospace  Research  and  Development 
North  Atlantic  Treaty  Organization 
7  rue  Ancelle,  92200  Neuilly  sur  Seine,  France 

THE  MUSCULOSKELETAL  AND  VESTIBULAR  EFFECTS  OF  LONG  TERM 
REPEATED  EXPOSURE  TO  SUSTAINED  HIGH-G 


7.  Presented  on 


8.  Author(s)/Editor(s) 

Various 


May  1994 


10.  Author(s)/Editor’s  Address 
Various 


11.  Pages 


12.  Distribution  Statement 

13.  Keywords/Descriptors 

Long-term  high-G 
HSG 

Musculoskeletal  system 
Cervical 

Aerial  combat  maneuver 
Neck  injury 


There  are  no  restrictions  on  the  distribution  of  this  document. 
Information  about  the  availability  of  this  and  other  AGARD 
unclassified  publications  is  given  on  the  back  cover. 


Sustained  bigh-G 

Vestibular  system 

Spine 

G-loading 

Acute  injury 

Biomechanics  of  spine 


Spine  degeneration 
Spine  imaging 
X-ray 
MRI 


14.  Abstract 

Medical  concerns  of  mechanical  loading  of  biological  systems  during  repeated  sustained  acceleration 
exposure  of  high  performance  aircraft  were  expressed  during  an  AGARD  conference  of  24th-28th  April 
1989  (AGARD-CP-471)  entitled  “Neck  Injury  in  Advanced  Military  Aircraft  Environments”.  Biological 
systems  of  primary  concern  were  direct  effects  on  the  spine  causing  neurologic  injury  and  on  the  otoliths  of 
the  vestibular  system  causing  disorientation  related  pathologies.  In  addition,  secondary  vestibular  effects  can 
occur  from  cervical  pathologies.  The  technical  evaluation  and  overview  of  that  conference  expressed 
concerns  that  “large  gaps  exist  in  our  clinical  and  biomechanical  knowledge  of  the  problems  of  neck  injury 
in  high  performance  aircraft.  Advisory  Report  (AR)  317  addresses  those  concerns  with  an  in-depth  review  of 
available  pertinent  information  with  recommendations  on  several  courses  of  action  directed  towards  the 
spine  and  vestibular  systems. 

Specific  topics  covered  include: 

(a)  the  physical  environment  of  aerial  combat  maneuvers; 

(b)  anatomy  and  biomechanics  of  the  spine; 

(c)  G-loading  effects  on  the  musculoskeletal  system  of  the  spine  including  risk  factors  and 

the  prevention  of  injuries; 

(d)  imaging  considerations; 

(e)  high  sustained  G  effects  on  the  vestibular  system  and  methods  to  test  organ 
dysfunctions;  and 

(f)  topical  research  proposals. 

Recommendations  include: 

(a)  study  requirements; 

(b)  aircrew  selection  training  and  education; 

(c)  equipment  modifications  and  development;  and 

(d)  research  requirements. 

AR  317  contains  215  references. 


r- 

cn 


op 

>»  X 


I  ■>  1 

^xlc3< 


EO  (D 

C  C 


^  3^  d.'  &  &. 

Zt/)>coO<CQcoc/} 


^  73 

(U  ^  rt  O 

Y  3  0^ 

c  o  I  'g  -g 

j  I  2  u  < 


2P  ^ 

?:>  .H  &■ 

3  "O  c3  ^  -S, 

s  =  s  -s 

^  ^  ^ 

u  to  .S  —  3 

D  3  Q,  I  o 

z  (^  >  c5d  o  < 


Z  x  § 
o  Q  2 

-J  w  ^ 
fc  2  ^ 

0  2  2 

g 

g^s  a 

Uh  CJ  3  o 
PJ  E— '  Cl 


2  X  n  *0  .  •  5>  ! 
E  ocd  _o  X  J 

5o<^i§ , 

ca  ^  2  iS  * 
O  U  c  5;  '5  SC  ;; 
00  3  «  T  g  u  ( 

O  on  CL  rvi  t 

:sa^o«g 

X  X  .—  rv  -S  J 
a>  h3  H  "O 

t*—  3  ry^  Lm  * 

O  Ti  21^  O  OJ 

c  b  ir:  J 

^.i-aO^^' 

1  g  i^^el 

o  p  a  S3  «  ! 
— '  D  00  t2  y 
^  o  ^-ON  L-  g  ; 

3  a  £  S  8  : 

C  'C  ^  £ 
3  13  CLX)  b  •' 

a  S  |C  I  1; 

4)  •"  ^  X  E  "C  t 
c  iS  •!:  3  b  5 

c*-  3  'JC  CN  "O  < 
o  W5  3  I  <  ®  i 

^  P  X  —  c  ^ 
c  "O  .b  ''t  b  fc  j 
C  <u  3  cs  ^ 


CJ  UU  l-i  J-  ^ 

3  ,0  c^  O  O 

^  '9  ^  c  o . 
■«-  3  4>  o  Z  X 
2  *0  a,  o  i  CQ 


c^  a 

K 

o  2  ^ 

2  K  ^ 

o  Q  2 

O  W 
n.  2 
0  2  2 

H  "S  S 

e  ^  3  g 

Uh  O  3  o 
PJ  H  Cl  r^ 


V5  X  Q  *0  -  •  «  ' 

—  <  'H  c  c 

^  n  c  ^  < 

, 

3  IT!  2 1 
.SJ  p  C  $  -r  ; 
opS  T  g  <u  . 

=  _^<  a  s , 
g|^9<  %  ' 
1  2  i  ^  6  ^ 

o  «  ON  S3  u  ( 

—  !u  fe  00  t;  y 
^  O  9^0N  ^  3  ; 
fa  O  ^  ■*“  O  I 

'c  'C  ^  I 

3  ID  P  Oh-O  *5  •• 
•c  b  C  o  3 

P  c  >  ^  y  c 
0)  x  >  X  S  ’C  « 
P  S  t3  3  b 
^  to  ^  oo  >  ,  J 

!+-,  3  CC  cs  *0  'Y  ^ 

o  s/3  3  I  <  ®  ! 


g  ^  *3  fS  ^ 

O  ''3  '*-'  >1  5^ 

c  o  (U  O  u  ^ 

S  CL  o  3  ' 

b  1)  r-  ^  •— )— . 

2  g  o  c  « 


X  ^  ^  3  3  I— '  O 

I  ^  |s?|l<S 

>is  3  0  0  Z  X 

Clc^  IS’OClosj  CQ 


2:*^ 

3  TJ  £ 
•-2  O  X 


3  X  ^  'S 

‘C  O  to 


>  .2 
C-  C  o 

o  <D  <1^ 


g  .s 

b  c  B  00 

00  .2  o!  00 

c  ^  <u  C 

3-  .c  o  -a  .3 

o  ^3  ^  c  O  O 

c  o  3  £  c  c 


O^JXO'UL>30rvi  U.3Q,CL 

jZSu<Zoo>ooC)'<CQc/5oo 


>  .2 
^  C  o 

o  lU 


S  '-S 

O  to 
030 


^  .5^  §  S) 

•S  .s  O  -s  . 

^  -N  O 
0  3^30 

C  O  3  g  C 


:jK2u<2c^>c^b<£tjri 


w 

cc 

D 

CO 

o 

X 

w 

Q 

w 

H 

c 

w 

0. 

pq 

ttS 

2  , 

oi  O 

H  ^ 

o  2  ^ 

2  a:  S 
O  Q  2 
-J  DQ  ^ 

P-.  2 

02s 

^  ^  -  i> 
e  ^  s  a 

&.  O  D  o 

tu  E-  0.  r~ 


:  P -g  r  ■  «  «  c -5  ^3 

^*0:;  -S  -  "5  ■=  .y  -g 
'^5S§*5:;SEIi,^ 
^ogg°°-a,g's 

r  S  u’g  o  E  ^ 
J  cP'rSCciC'C  CO  oJ 
3M^|uoaJ=l> 
3  KftM  W  (3  o  m 

L£PO  S  T3  =  > 

!  .S  Q  <C  .C  «  U  g  O 
»  d2  S'^’S  «  O^ 
-■^C.ggnEcg 
3^0<  ^  o  c  S  ^ 

sS^S^-j^p-a-Sgo 
J  &2  =  o  b-S  b  « 

'C  ?  t/5  «c  ^ 

3  2>  CL-d  ^  —  ‘-0  9  — 

i  “  <  8  I  o  s 
i  ii'§-o|p 

^  x:  ^  3  "  P 

jE^cScE-o“ 

)  'E  (N  g  cj  c  £ 
j  4-  >.  ^  00'S  o  ^ 

)  u  o  C  >>  c  >>  u  , 

J  3  4^  ••~)^  ISO  fli 

.  E  o  c  c3  £  Ja  •— 
Ec*—  oE  — 

"OcSo  °  io:S'3  O 

St  cJ^’o.ES^'S 
JuoZ’-co'O’aa 
J&03  CQS^>caC4 


U 

Oi 

D 

C/D 

O 

X 

w 

Q 

W 

H 

< 

pq 

Cl, 

pq 

DC 

2  , 

DC  O 

[2  X 

o  2  ^ 

2  K  S 

o  Q  2 

Lq  pq  ^ 
pq  2 

02s 

H^-S  - 

^g|l 

pq  t-  0-  r^ 


«>  X  n  *0  ►  • 

i  .2Prt  ~ 

“  <  -H  ^ 

X  —  o 


^l-si 

S  “r  £  & 


O  00  Cl  ttI 

:2  Rg'o” 
•“  s|s  « 

4-  ^  3  c^  u- 

a-2x>0  2 
^  2 

o  n 

^  O  b  00  3 
^  O  ^-0^  L- 

.0  ^  IS 

*c  *C 

3  "a  P  CL"0 

■g  s  |<  I 

ES  *3  3 

M  ^  00  > 

4-  3  4-  CS  *0 
O  c«  3  I  < 
CO  p  *£ 

£"0  b  Y  c 
^  ^  3  <N  •■" 
Ob  Y:  >» 

c  ^  o  o  b 

^  b  S  £->  3 

—  e  C  ^ 

3  £0 

o  ofi  b  u  ^ 

=3  .s  £  >2  y 

4i  vh  t:  3 

S  3  <U  o  Z 
*0  0-0  2 


^o  *5  o  E 
5C  — •£  P 

o  o  (K3  ^ 

o  °  “-p 
P  "rt  3 
•b  0^0 


^.=  0  V, 

^  c  E  ^ 
59  ^  3 

£  .p  ojd:£ 
'C  W)  3  ti 
o.  o  '55  o 
4-  Ti  3  > 
o  2  3  ^ 

C  P  C  £ 
3  c  b  td 
p  Pc 
.  s?  oot^  o 

‘  3  >>  O 

c/3  •-  V5  0) 
1—  £2  's/’ 

3  S  b 

.y  s  .g  c 

CO)  3  o 
^  o  :£  X 

o  .S  t9  *0 

X  Q.  o  TS 

CQ  00  >  3 


pathologies.  The  technical  evaluation  and  overview  of  that  ppi^e  imaging  pathologies.  The  technical  evaluation  and  overview  of  that  Spine  imaging 

X-ray  X-ray 

P.T.O.  MRI  PTTO.  MRI 


conference  expressed  concerns  that  “large  gaps  exist  in  our  clinical  and  biomechanical  knowledge  of  conference  expressed  concerns  that  “large  gaps  exist  in  our  clinical  and  biomechanical  knowledge  of 
the  problems  of  neck  injury  in  high  performance  aircraft.  Advisory  Report  (AR)  317  addresses  those  the  problems  of  neck  injury  in  high  performance  aircraft.  Advisory  Report  (AR)  317  addresses  those 
concerns  with  an  in-depth  review  of  available  pertinent  information  with  recommendations  on  concerns  with  an  in-depth  review  of  available  pertinent  information  with  recommendations  on 
several  courses  of  action  directed  towards  the  spine  and  vestibular  systems.  several  courses  of  action  directed  towards  the  spine  and  vestibular  systems. 

Specific  topics  covered  include:  Specific  topics  covered  include: 


?  E  u 
o’S  2 

.b  o-S  S 

■  cs  -u  w  .£ 


SS-f  . 

^  ?  C/3 

O  e  £ 
■a  E-  o  a 

ft  ^ 

75  E 

.yoga 

j-  CfH  3 

;=  '>  .S  X) 
0*0  t; 
E  S 

c  E  -S  ^ 

w  U  g  « 

.52  ex 

c/3  O  X  c« 

M  P  C3  -S 

«  ^  M 

mi£  -a 
P  d  i: 

-  «  o  g 

:  O.  5 

5  .£».«  T3 
X  >  o 

i-£  ^  I 

3  Cl-  ^ 
O  -07  c 
o  .£  T3 

.S  o 

cr-  C  ft 
O  ^  cd  O 

Q-'o  s:  S 

"  p  “ 
c  ?  3 

c  2  52  ^ 
2^  2 

d  D-  o  g 

S  c  s  > 

O  O  o 

CJ  w  O  tZ! 


«  u-  *0  Ci- 
1-  O  O  C  — 

)  .E  -a  «  u 

=  c  ^  i£  « 

j  o  .S  £  o  ' 

■  S  2  .2  S 


;  V-  u-  -O 
;  Q.  4}  O  p  J- 

J  uS-o  «-g 
•  c  2  i"  « 

)  -r5  c  -5  S  ^ 
0  p  u  5  .2  g 

)  i5.E  S  E75 


■o  2-  o  2 

O  Cli  eg 

oj  ^  E 
.2  o  oE 

c  't;  P 
=  >.£•“ 
o  -a  'S 

3  p  S 

g  > 

C  X  ^ 

•“  u«  u*  C 

-_1  CJ  (D  W 
.2  .2  P.  4J 
X  «  c 

"  «  —  'S. 

(30  o  X  CZl 

S  <1 

“1.°  I 

3  0.? 

3  X  ?  S 

5  .SP.2  -a 

E-S  "  I 
H  ?---P  ■- 
O  C  -5:-  *0 

0  3  0-^ 
o  'Oi  O 
CJ  .s  X 

£  S 

"  g  « 

C/D  ^  C  ft 

o  C  eg  O 
O-*©  sZ  ^ 

a>  £  ?  3 

o  o  o 
CZi  ^  ^ 
u-  g  *- 

fli  is! 

ft  O-  o 

C  qj  C  > 

O  C  (D 
cj  X  O  (Z) 


O  __  X  ft 
C  3  O 

5.2  ®  Ml 

=  M  >%  P  c 
2  P  =  ; 

0)  X  r  s  ’ 
>  Cl2  ft  < 
g  0)  g-  ^ 

^  X  5  ri 


o.  _  ^  _ 
2  3  X  o 


3  ^  C 
3  0  0 

E  §3 
1%-^  ^ 
>  ^  I  S 

X  ti  g  ft 

’  o  x:  *- 

:  E  E 
.2-«  5 

1  3  O  CN 


This  Advisory  Report  has  been  sponsored  by  the  Aerospace  Medical  Panel  of  AGARD.  This  Advisory  Report  has  been  sponsored  by  the  Aerospace  Medical  Panel  of  AGARD. 


NATO  OTAN 

7  RUE  ANCELLE  •  92200  NEUILLY-SUR-SEINE 
FRANCE 

Telecopie  (1)47.38.57.99  •  Telex  610  176 


DIFFUSION  DES  PUBLICATIONS 
AGARD  NON  CLASSIFIEES 


Aucun  stock  de  publications  n’a  existe  a  AGARD.  A  partir  de  1 993,  AGARD  detiendra  un  stock  limite  des  publications  associees  aux  cycles  de 
conferences  et  cours  speciaux  ainsi  que  les  AGARDographies  et  les  rapports  des  groupes  de  travail,  organises  et  publics  a  partir  de  1993  inclus. 
Les  demandes  de  renseignements  doivent  etre  adressees  a  AGARD  par  lettre  ou  par  fax  a  I’adresse  indiquee  ci-dessus.  Veuillez  nepas  telephoner. 
La  diffusion  initiate  de  toutes  les  publications  de  I’AGARD  est  effectuee  aupres  des  pays  membres  de  LOT  AN  par  I’intermediaire  des  centres 
de  distribution  nationaux  indiques  ci-dessous.  Des  exemplaires  supplementaires  peuvent  parfois  etre  obtenus  aupres  de  ces  centres  (a 
I’exception  des  Etats-Unis).  Si  vous  souhaitez  regevoir  toutes  les  publications  de  I’AGARD,  ou  simplement  celles  qui  concernent  certains 
Panels,  vous  pouvez  demander  a  etre  inclu  sur  la  liste  d’envoi  de  Pun  de  ces  centres.  Les  publications  de  I’AGARD  sent  en  vente  aupres  des 
agences  indiquees  ci-dessous,  sous  forme  de  photocopie  ou  de  microfiche. 


ALLEMAGNE 

Fachinformationszentrum, 

Karlsruhe 

D-7514  Eggenstein-Leopoldshafen  2 
BELGIQUE 

Coordonnateur  AGARD-VSL 
Etat-Major  de  la  Force  Aerienne 
Quartier  Reine  Elisabeth 
Rue  d’Evere,  1140  Bruxelles 
CANADA 

Directeur  du  Service  des  Renseignements  Scientifiques 
Ministere  de  la  Defense  Nationale 
Ottawa,  Ontario  K1 A  0K2 
DANEMARK 

Danish  Defence  Research  Establishment 
Ryvangs  Alle  1 
P.O.  Box  2715 
DK-2100  Copenhagen  0 
ESPAGNE 

INTA  (AGARD  Publications) 

Pintor  Rosales  34 
28008  Madrid 

ETATS-UNIS 

NASA  Headquarters 

Attention:  CF  37,  Distribution  Center 

300  E  Street,  S.W. 

Washington,  D.C.  20546 
FRANCE 

O.N.E.R.A.  (Direction) 

29,  Avenue  de  la  Division  Leclerc 
92322  Chatillon  Cedex 
GRECE 

Hellenic  Air  Force 
Air  War  College 
Scientific  tmd  Technical  Library 
Dekelia  Air  Force  Base 
Dekelia,  Athens  TGA  1010 


CENTRES  DE  DIFFUSION  NATIONAUX 
ISLANDE 

Director  of  Aviation 
c/o  Flugrad 
Reykjavik 


ITALIE 

Aeronautica  Militate 

Ufficio  del  Delegato  Nazionale  allAGARD 
Aeroporto  Pratica  di  Mare 
00040  Pomezia  (Roma) 

LUXEMBOURG 
Voir  Belgique 

NORVEGE 

Norwegian  Defence  Research  Establishment 
Attn:  Biblioteket 
P.O.  Box  25 
N-2007  Kjeller 

PAYS-BAS 

Netherlands  Delegation  to  AGARD 
National  Aerospace  Laboratory  NLR 
P.O.  Box  90502 
1006  BM  Amsterdam 

PORTUGAL 

Forga  Aerea  Portuguesa 

Centro  de  Documentagao  e  Informagao 

Alfragide 

2700  Amadora 

ROYAUME  UNI 

Defence  Research  Information  Centre 
Kentigern  House 
65  Brown  Street 
Glasgow  G2  SEX 

TURQUIE 

Milli  Savunma  Ba§kanligi  (MS^ 

ARGE  Daire  Ba§kanligi  (ARGE) 

Ankara 


Le  centre  de  distribution  national  des  Etats-Unis  ne  detient  PAS  de  stocks  des  publications  de  I’AGARD. 

D’eventuelles  demandes  de  photocopies  doivent  etre  formulees  directement  aupres  du  NASA  Center  for  Aerospace  Information 
(CASI)  a  I’adresse  suivante: 


NASA  Center  for 
Aerospace  Information  (CASI) 
800  Elkridge  Landing  Road 
Linthicum  Heights,  MD  21090-2934 
United  States 


AGENCES  DE  VENTE 

ESA/Information  Retrieval  Service 

European  Space  Agency 

10,  rue  Mario  Nikis 

75015  Paris 

France 


The  British  Library 
Document  Supply  Division 
Boston  Spa,  Wetherby 
West  Yorkshire  LS23  7BQ 
Royaume  Uni 


Les  demandes  de  microfiches  ou  de  photocopies  de  documents  AGARD  (y  compris  les  demandes  faites  aupres  du  CASI)  doivent  comporter 
la  denomination  AGARD,  ainsi  que  le  numero  de  serie  d’ AGARD  (par  exemple  AGARD-AG-3 1 5).  Des  informations  analogues,  telles  que 
le  titre  et  la  date  de  publication  sont  souhaitables.  Veuiller  noter  qu’il  y  a  lieu  de  specifier  AGARD-R-nnn  et  AGARD- AR-nnn  lors  de  la 
commande  des  rapports  AGARD  et  des  rapports  consultatifs  AGARD  respectivement.  Des  references  bibliographiques  completes  ainsi 
que  des  resumes  des  publications  AGARD  figurent  dans  les  joumaux  suivants: 


Scientifique  and  Technical  Aerospace  Reports  (STAR) 
public  par  la  NASA  Scientific  and  Technical 
Information  Program 
NASA  Headquarters  (JTT) 

Washington  D.C.  20546 
Etats-Unis 


Government  Reports  Announcements  and  Index  (GRA&I) 

publie  par  le  National  Technical  Information  Service 

Springfield 

Virginia  22161 

Etats-Unis 

(accessible  egalement  en  mode  interactif  dans  la  base  de 
donnees  bibliographiques  en  ligne  du  NTIS,  et  sur  CD-ROM) 


Imprime  par  Specialised  Printing  Services  Limited 
40  Chigwell  Lane,  Laughton,  Essex  IGIO  3TZ 


NATO  0  OTAN 

7  RUE  ANCELLE  •  92200  NEUILLY-SUR-SEINE 
FRANCE 


DISTRIBUTION  OF  UNCLASSIFIED 
AGARD  PUBLICATIONS 


Telefax  (1)47.38.57.99  •  Telex  610  176 


AGARD  holds  limited  quantities  of  the  publications  that  accompanied  Lecture  Series  and  Special  Courses  held  in  1993  or  later,  and  of 
AGARDographs  and  Working  Group  reports  published  from  1993  onward.  For  details,  write  or  send  a  telefax  to  the  address  given  above. 
Please  do  not  telephone. 

AGARD  does  not  hold  stocks  of  publications  that  accompanied  earlier  Lecture  Series  or  Courses  or  of  any  other  publications.  Initial 
distribution  of  all  AGARD  publications  is  made  to  NATO  nations  through  the  National  Distribution  Centres  listed  below.  Further  copies  are 
sometimes  available  from  these  centres  (except  in  the  United  States).  If  you  have  a  need  to  receive  all  AGARD  publications,  or  just  those 
relating  to  one  or  more  specific  AGARD  Panels,  they  may  be  willing  to  include  you  (or  your  organisation)  on  their  distribution  list.  AGARD 
publications  may  be  purchased  from  the  Sales  Agencies  listed  below,  in  photocopy  or  microfiche  form. 


BELGIUM 

Coordonnateur  AGARD  —  VSL 
Etat-Major  de  la  Force  Aerienne 
Quartier  Reine  Elisabeth 
Rue  d’Evere,  1140  Bruxelles 

CANADA 

Director  Scientific  Information  Services 
Dept  of  National  Defence 
Ottawa,  Ontario  K1 A  0K2 


NATIONAL  DISTRIBUTION  CENTRES 

LUXEMBOURG 
See  Belgium 

NETHERLANDS 

Netherlands  Delegation  to  AGARD 
National  Aerospace  Laboratory,  NLR 
P.O.  Box  90502 
1 006  BM  Amsterdam 

NORWAY 


DENMARK 

Danish  Defence  Research  Establishment 
Ryvangs  Alle  1 
P.O.  Box  2715 
DK-2100  Copenhagen  0 


Norwegian  Defence  Research  Establishment 
Attn:  Biblioteket 
P.O.  Box  25 
N-2007  Kjeller 

PORTUGAL 


FRANCE 

O.N.E.R.A.  (Direction) 

29  Avenue  de  la  Division  Leclerc 
92322  Chatillon  Cedex 


Forga  Aerea  Portuguesa 

Centro  de  Documenta9ao  e  Informa9ao 

Alfragide 

2700  Amadora 


GERMANY 

Fachinformationszentrum 

Karlsruhe 

D-75 14  Eggenstein-Leopoldshafen  2 


SPAIN 

INTA  (AGARD  Publications) 
Pintor  Rosales  34 
28008  Madrid 


GREECE 

Hellenic  Air  Force 
Air  War  College 
Scientific  and  Technical  Library 
Dekelia  Air  Force  Base 
Dekelia,  Athens  TGA  1010 

ICELAND 

Director  of  Aviation 
c/o  Flugrad 
Reykjavik 

ITALY 

Aeronautica  Militate 

Ufficio  del  Delegato  Nazionale  all’AGARD 
Aeroporto  Pratica  di  Mare 
00040  Pomezia  (Roma) 


TURKEY 

Milli  Savunma  Bajkanhgi  (MSB) 
ARGE  Daire  Ba§kanhgi  (ARGE) 
Ankara 

UNITED  KINGDOM 

Defence  Research  Information  Centre 
Kentigern  House 
65  Brown  Street 
Glasgow  G2  SEX 

UNITED  STATES 

NASA  Headquarters 

Attention:  CF  37,  Distribution  Center 

300  E  Street,  S.W. 

Washington,  D.C.  20546 


The  United  States  National  Distribution  Centre  does  NOT  hold  stocks  of  AGARD  publications. 

Applications  for  copies  should  be  made  direct  to  the  NASA  Center  for  Aerospace  Information  (CASI)  at  the  address  below. 


SALES  AGENCIES 


NASA  Center  for 
Aerospace  Information  (CASI) 
800  Elkridge  Landing  Road 
Linthicum  Heights,  MD  21090-2934 
United  States 


ESA/Information  Retrieval  Service 

European  Space  Agency 

10,  rue  Mario  Nikis 

75015  Paris 

France 


The  British  Library 
Document  Supply  Centre 
Boston  Spa,  Wetherby 
West  Yorkshire  LS23  7BQ 
United  Kingdom 


Requests  for  microfiches  or  photocopies  of  AGARD  documents  (including  requests  to  CASI)  should  include  the  word  ‘AGARD’  and  the 
AGARD  serial  number  (for  example  AGARD-AG-3 1 5).  Collateral  information  such  as  title  and  publication  date  is  desirable.  Note  that 
AGARD  Reports  and  Advisory  Reports  should  be  specified  as  AGARD-R-nnn  and  AGARD- AR-nnn,  respectively.  Full  bibliographical 
references  and  abstracts  of  AGARD  publications  are  given  in  the  following  journals: 


Scientific  and  Technical  Aerospace  Reports  (STAR) 
published  by  NASA  Scientific  and  Technical 
Information  Program 
NASA  Headquarters  (JTT) 

Washington  D.C.  20546 
United  States 


Government  Reports  Announcements  and  Index  (GRA&I) 

published  by  the  National  Technical  Information  Service 

Springfield 

Virginia  22161 

United  States 

(dso  available  online  in  the  NTIS  Bibliographic 
Database  or  on  CD-ROM) 


Printed  by  Specialised  Printing  Services  Limited 
40  Chigwell  Lane,  Loughton,  Essex  IGIO  3TZ 


ISBN  92-835-0745-2 


